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Abstract
Inorganic nanochannels integrated in solid state membranes as well as nanotubes are of high relevance
for fundamental research and industrial applications in catalysis, filtration, sensorics, solar energy har-
vesting, biomedicine, and nanofluidics. Currently, lots of effects are being devoted to develop repro-
ducible and efficient fabrication techniques that enable the precise tailoring of geometry, dimensions,
and properties of the nanochannels.
This thesis presents the combination of ion-track technology with low-temperature atomic layer deposi-
tion (ALD). Cylindrical and conical nanotubes as well as highly-ordered nanotube networks exhibiting
aspect ratios above 3000 were synthesized. 30-µm thick polycarbonate membranes were irradiated with
∼GeV swift heavy ions at the UNILAC accelerator of GSI under normal or tilted beam incidence. By sub-
sequent wet-chemical etching, each individual ion track was dissolved and thus converted into an open
nanochannel. The length of the nanochannel was determined by the thickness of the polymer, whereas
geometry and diameter (≥ 18 nm) were controlled by the etching parameters. To reduce the channel
diameter further and modify the surface of the channel walls without affecting the channel shape, tita-
nia (TiO2), silicon dioxide (SiO2), and alumina (Al2O3) were deposited onto the templates by ALD. This
sequential and self-limiting surface modification technique provided the precise control of the deposited
thickness due to layer-by-layer growth.
From small angle X-ray scattering (SAXS) analysis average channel diameter, diameter distribution be-
fore and after ALD as well as coating thickness were deduced. The results demonstrated homogeneous
and conformal deposition along the entire cylindrical nanochannels down to inner diameters below 10
nm. For these samples, X-ray photoelectron spectroscopy (XPS) evidenced almost stoichiometric compo-
sition of the ALD layers deposited onto the membrane surface. For all investigated nanostructures, the
dissolution of the supporting polymer template by wet-chemical methods and the following visualization
of the resulting structures by electron microscope (SEM) in scanning and transmission mode revealed
exactly defined geometries, diameters, and wall thicknesses. The preparation of arrays of free-standing
conical nanotubes from multichannel membranes and the novel alike preparation of free-standing single
tubular nanocones from single channel membranes enabled the comparison between the asymmetric
etching process in single and multichannel membranes that resulted in the agreement of the radial base
etching rates whereas the tip etching was by a factor of ∼ 2 faster for single channels. In addition, the
base diameter was determined at the replica of the single channel itself, which enabled precise computa-
tion of the tip diameter. The homogeneity of the ALD processes inside the nanochannels was confirmed
by energy dispersive X-ray spectroscopy (EDX) of the released nanotubes.
In addition, ionic conductance (I-V) studies of cylindrical and conical single nanochannels before and
after ALD demonstrated conformal deposition processes inside the single channels in polycarbonate.
Surface charges induced by variation of the pH value of the electrolyte influenced the recorded ionic
currents in agreement with the theory of nanofludics for channel diameters up to 100 nm. Furthermore,
I
the gating of single conical nanochannels in polycarbonate membranes surface modified with a 5 nm
thick TiO2 film was enabled by a straight-forward set-up comparable to n-type JFETs.
II
Zusammenfassung
Anorganische Nanokanäle integriert in Festkörpermembranen und Nanoröhren sind von großer Bedeu-
tung für Grundlagenforschung und industrielle Anwendungen in den Bereichen Katalyse, Filtration, Sen-
sorik, Solarenergiegewinnung, Biomedizin und Nanofluidik. Zur Zeit werden viele Prozesse untersucht,
um eine reproduzierbare und effiziente Herstellung zu gewährleisten, die zudem die genaue Einstellung
der Geometrie, der Dimensionen und der Eigenschaften der Nanokanäle ermöglicht.
Diese Dissertation präsentiert die Kombination der Ionenspurtechnologie mit der Tieftemperatur-
Atomlagenabscheidung (engl. atomic layer deposition, ALD). Zylindrische und konische Nanoröhren
sowie geordnete Nanoröhren-Netzwerke mit Aspektverhältnissen über 3000 wurden hergestellt. 30-
µm dicke Polycarbonatfolien wurden mit schweren Ionen, die kinetische Energien im Bereich ∼GeV
aufwiesen, am UNILAC Beschleuniger der GSI unter senkrechtem und gekipptem Einfallswinkel be-
strahlt. Durch nachfolgendes nasschemisches Ätzen wurde jede einzelne Ionenspur aufgelöst und in
einen offenen Nanokanal transformiert. Die Länge des Nanokanals war durch die Dicke des Polymers
bestimmt, wohingegen die Geometrie und der Durchmesser (≥ 18 nm) durch die Ätzparameter kon-
trolliert wurden. Um den Kanaldurchmesser weiter zu reduzieren und die Oberfläche der Kanalwände
zu modifizieren ohne die Form des Kanals zu verändern, wurden Titandioxid (TiO2), Siliziumdioxid
(SiO2) und Aluminiumoxid (Al2O3) mittels ALD auf die Template abgeschieden. Diese sequentielle und
selbst-limitierende Oberflächenmodifikationstechnik ermöglichte die präzise Kontrolle der abgeschiede-
nen Schichtdicke durch Schicht-für-Schicht Wachstum.
Aus Kleinwinkelröntgenstreuungsanalysen (engl. small angle X-ray scattering, SAXS) wurden der durch-
schnittliche Kanaldurchmesser, die Durchmesserverteilung vor und nach der ALD-Beschichtung sowie
die Dicke der Beschichtung abgeleitet. Die Ergebnisse zeigten homogene und konformale Beschichtung
entlang der gesamten Kanallänge für innere Durchmesser unter 10 nm. Für diese Proben wurde mit-
tels Röntgenphotoelektronenspektroskopie (engl. X-ray photoelectron spectroscopy, XPS) eine fast stö-
chiometrische Zusammensetzung der ALD-Beschichtung an der Membranoberfläche nachgewiesen. In
allen Fällen führte die Auflösung des Polymertemplats mittels nasschemischer Methoden zu selbsttragen-
den Nanostrukturen. Visualisierung dieser mittels Rasterelektronenmikroskopie (engl. scanning electron
microscopy, SEM) zeigte exakt definierte Geometrien, Durchmesser und Wandstärken der Nanoröhren.
Die Präparierung von Arrays freistehender konischer Nanoröhren aus Vielkanalmembranen und dieselbe
neuartige Präparation freistehender einzelner röhrenförmiger Nanokegel aus Einzelkanalmembranen er-
laubte den Vergleich des asymmetrischen Ätzprozesses in Einzel- und Vielkanalmembranen. Die radialen
Ätzraten für die Basis der Kegel stimmten überein, während das radiale Ätzen der Kegelspitzen für
Einzelkanäle doppelt so schnell war. Zudem wurde der Basisdurchmesser an der Replik des Einzelka-
nals gemessen, was die genaue Berechnung des Spitzendurchmessers ermöglichte. Die Homogenität der
ALD-Prozesse in den Kanälen wurde durch energiedispersive Röntgenspektroskopie (engl. energy dis-
persive X-ray spectroscopy, EDX) nachgewiesen.
Ionische Leitfähigkeitsuntersuchungen (I-V) zylindrischer und konischer Einzelkanäle vor und nach
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ALD-Beschichtungen bewiesen die konformale Beschichtung von Einzelkanälen in Polycarbonatmem-
branen. Durch Variation des pH Wertes des Elektrolyten induzierte Oberflächenladungen beeinflussten
die gemessenen ionischen Ströme für Kanaldurchmesser bis zu 100 nm in Übereinstimmung mit der
Nanofluidiktheorie. Desweiteren wurden mit einem unkomplizierten Aufbau vergleichbar mit einem
n-Kanal JFET konische Einzelkanäle in Polycarbonatmembranen gesperrt, welche mit 5 nm TiO2 ober-
flächenmodifiziert waren.
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WENN DIE WISSENSCHAFT IHREN KREIS DURCHLAUFEN HAT, SO GELANGET
SIE NATÜRLICHER WEISE ZU DEM PUNCTE EINES BESCHEIDENEN
MISSTRAUENS, UND SAGT, UNWILLIG ÜBER SICH SELBST, WIE VIELE DINGE
GIEBT ES DOCH, DIE ICH NICHT EINSEHE.
IMMANUEL KANT
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1 Introduction
Nanostructures are gaining increasing importance in science and technology due to the novel technolo-
gies in fabrication of nanosized devices as well as tailoring specific properties. The ability to synthesize
and assemble nanoscale building blocks has opened numerous applications in many different fields in-
cluding solar energy harvesting [1], biomedicine [2], magnetics [3, 4], and thermoelectrics [5–7].
In the fields of nanofluidics, filtration, catalysis, and sensorics, synthetic nanochannels embedded in solid
state membranes provide promising perspectives as e.g. transistor [8], chemical, biochemical and drug
separator [9–11], biocatalyst [11] as well as humidity sensor [12]. In biology, membranes containing
one individual nanochannel are of special interest to mimic the transport through the membrane of bi-
ological cells [13, 14] as well as to sense and recognize single molecules [15, 16]. The translocation of
a macromolecule through a nanochannel can be monitored by resistive-pulse sensing for channel diam-
eters similar to the size of the macromolecule [17–19]. Nanochannels characterized by a diameter of a
few nm are essential to investigate transport of molecules such as DNA [20], drugs [21], and water [22]
through nanoconfinements. The electrophoretic mobility of a protein controls its movement through a
nanochannel and thus the transport depends on the protein mass and charge [23]. Charge selectivity
is also observed for ionic transport, e.g. potassium selective channels transport potassium in, but not
out of a biological cell [24, 25]. For a better understanding of biological transport processes, synthetic
nanochannels are advantageous due to higher robustness.
In literature, several techniques are reported aiming at the fabrication of single solid-state nanochannels
in a precise and reproducible manner using lithography as well as ion beam and electron beam sculp-
turing [20]. Many of these approaches are limited to specific materials and can not easily adjust the
geometry, length, and diameter of the nanochannel. Nowadays, the fabrication of solid-state nanochan-
nels exhibiting diameters below 10 nm remains challenging. To overcome this limit, the fabrication
process is complemented by a second step, were the channel diameter is further reduced by material
deposition [26, 27] or by extended electron beam exposure [28].
In this work, ion-track nanotechnology was applied to synthesize high aspect ratio nanochannels in
polycarbonate membranes. By means of atomic layer deposition (ALD), the cylindrical and conical
nanochannels were conformally coated with TiO2, SiO2, and Al2O3 reducing the channel diameter down
to 7 nm. Furthermore, the surface modification by ALD was applied to single-channel membranes to test
their suitability for nanofluidic experiments.
Nanochannels as Model System for Nanofluidics
The transport of fluid through a single channel with a diameter below 100 nm is governed by the high
surface-to-volume ratio of the channel [29, 30]. Surface charges at the liquid-solid interface strongly
influence the transport due to the formation of an electrical double layer (EDL) at the nanochannel wall
[31, 32]. In the case of conical nanochannels, the EDL can induce a diode-like, also called rectifying,
behavior of the channel [27, 33–36]. To investigate the ionic transport through such nanochannels, a
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method is required that allows to control all relevant parameters of the channel independently, namely,
channel length, diameter, and geometry. Etched ion-tracks in polymer membranes provide this adjusta-
bility and are thus utilized since more than a decade for this kind of studies [13, 14, 33, 37–40]. However,
the effect of dangling bonds and swelling of the polymer in solution is not completely understood. Addi-
tionally, the etching of polycarbonate (PC) results in carboxylate groups (−COO−) at the inner channel
walls [41]. No surface charges are formed, if the liquid exhibits the pH value of the point of zero charge
(PZC) of the wall material. Thus, in nanochannels of alike dimensions surfaces exhibiting various points
of zero charge are of special interest for systematic transport studies. The surface modification with
different inorganic materials in etched ion-track polymer membranes is promising. To avoid effects on
the channel shape and control the diameter reduction precisely, a conformal deposition process such as
ALD is required. Nanochannels in PC have very smooth channel walls [42]. Conformal deposition thus
provides smooth inorganic surfaces. These smooth walls are of great benefit for the systematic investi-
gation of ionic transport through such nanochannels as well as applications, since rough channel walls
as they are known for polyethylene terephthalate (PET) do not provide well-defined nanoconfinements
[43].
Promising applications of nanochannels are novel nanofluidic electronic devices such as nanosized tran-
sistors that regulate ionic currents in liquid electrolytes instead of electron currents in solids [8, 44–46].
Fan et al. and Karnik et al. describe a single silica nanotube with a source and drain contact at the two
opening sides and the gate attached to the central section of the tube [44, 45]. They demonstrated that
the electric field applied via the gate electrode influences ionic transport through the nanotube and that
the surface quality of the tube plays an important role. Yanagi et al. applied a nanopore in a thin silicon
nitride membrane for DNA sequencing [8]. The nanopore was positioned between the gate contact and
the channel, that is contacted to source and drain. In air and water as well as KCl solution, stable oper-
ation as p-type and n-type field effect transistor was demonstrated. During DNA translocation through
the nanopore, the potential changes around the nanopore caused changes in the source-drain current.
A single nanochannel in PET that exhibits conical geometry was gated by Kalman et al. [46]. Electron
beam evaporation was applied to coat the tip side of the membrane with a 50 nm thick gold layer acting
as gate electrode and a SiO2 layer on top, which isolated the gate electrode from the electrolyte (KCl).
To enhance adhesion of both thin films, titanium layers were deposited in between polymer and gold as
well as between gold and SiO2. This set-up regulated the cation selectivity of the conical nanochannel in
PET and thus the transported ionic current. The deposition process led to a diameter reduction of several
nm but details to which extend the tips of 5 to 15 nm diameter were modified could not be clarified.
Gated nanochannels reported so far require several process steps with difficult control in particular of
the small tip size. In contrast to evaporation techniques, ALD provides a much simpler approach due
to conformal coating of the entire inner and outer surface of a sample. Thus, the inner channel walls
as well as tip and base sides can be coated with a non-insulating material, such as TiO2, that can serve
as gate electrode on the tip side. Furthermore, the defined cycle number of an ALD process results in a
well-controllable reduction of the tip diameter.
Nanoporous Templates
All template methods utilize a cast to shape the material during the fabrication process. For the synthesis
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of nanostructures with defined dimensions, porous alumina membranes (anodic aluminum oxide, AAO)
and etched ion-track membranes are widely used.
AAO templates are synthesized by anodic oxidation of aluminum in acidic solution [47, 48]. This fab-
rication allows to control the channels, whereas the channel density is given by the arrangement of the
channels [49]. By double anodization, self-organization is obtained resulting in hexagonally packed par-
allel aligned channels and thus channel densities up to ∼ 1012 channelscm2 [50]. However, the adjustment of
the channel shape and the variability of interconnectivity are limited [51].
In contrast, ion-track technology provides templates with tailored number, length, geometry, and di-
ameter of nanochannels [52–54]. The method is based on the irradiation of insulating targets such as
polymer foils with swift heavy ions, which are available at large accelerator facilities. At beam energies
in the range of MeV to GeV, the kinetic energy of the heavy ions is sufficiently high for the penetration
of the ions through foils with thicknesses of several tens of µm. During deceleration, each ion creates a
track with a diameter of 5-10 nm that consists of broken polymer chains and other defects [52, 55–57].
Wet-chemical etching selectively dissolves the damaged material and thus converts each ion track into
a nanochannel. By varying the parameters of the etching process (duration, concentration of etchant,
temperature, etc.) the size of the nanochannels can be adjusted in the range of 10-20 nm up to several
µm [52–54, 58–60]. Due to the dimensions of the unetched ion-track, the synthesis of nanochannels
of diameter below 10 nm is difficult. Commonly, ion-track technology is applied to polymers such as
polycarbonate (PC) and polyethylene terephthalate (PET), but also works for few other inorganic ma-
terials (e.g., quartz and mica). Commercially available polymeric etched ion-track membranes are used
as specific filters exhibiting a small size distribution of the channels. For the synthesis of nanowires and
nanotubes by electrochemical [42, 60–64] and electroless deposition [65, 66], ion-track membranes are
of great interest due to the flexibility to adjust geometry, length, and diameter of the nanowires.
The fact that each ion creates a track, which is transformed into an individual nanochannel, enables the
precise control over the number of channels with irradiation fluences between one single ion per sample
and ∼ 1010 ionscm2 . Besides producing parallel oriented nanochannels, the angle of irradiation can be varied
and the irradiation can be performed from different directions resulting in intersecting ion-tracks, which
lead to templates consisting of interconnected nanochannels. Networks with different orientation and
integration levels can be synthesized [54, 67].
By varying the etching parameters, cylindrically, conically, biconically, and cigar-shaped nanochannels
are achieved [54, 58, 60]. Compared to other nanoporous templates such as AAO the great flexibility of
the ion-track technology is unique for the synthesis of nanochannels in polymers.
Surface Modification of Nanochannels
To tailor the surface properties of a nanochannel without affecting its shape, the deposition of a thin
film is required. For the synthesis of thin films, several physical and chemical methods exist. They can
be characterized by the aspect (length-to-diameter) ratio that they coat homogeneously. Physical tech-
niques sublimate solid materials to enable resublimation of the gas on the substrate. Physical vapor
deposition (PVD) as well as sputtering are performed in vacuum to avoid collisions of the sublimated
material. Depending on the adhesion coefficient the resublimation takes place on the substrate. Due
to the straight trajectories a homogeneous coating is achieved for aspect ratios below 10 [68–70]. In
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contrast, chemical deposition methods are based on the reaction of substances in the medium or on the
substrate. These techniques require binding partners and exhibit limited reaction kinetics. Thus, both
binding partners can move into a channel before they react. Most chemical based deposition techniques
such as chemical vapor deposition (CVD) are characterized by a continuous growth of the coating layer.
This growth can result in a faster growth on the surface of the sample compared to the inner surface of
the channel and thus lead to an inhomogeneous layer thickness or even a closing of the channel. This
limits the maximum aspect ratio that is coated homogeneously by CVD to about ten [71–74]. Sol-gel
coating processes and other solution-based chemical deposition methods enable a homogeneous thin
film deposition inside structures with an aspect ratio up to 1000 [75, 76]. The same value is possible
by electrochemical depositions [77, 78]. Electroless plating [65, 66] as well as chemical modification
[79, 80] are established methods for the surface modification of nanochannels with aspect ratios above
1000. However, the homogeneity of these coatings is not sufficient for conformal deposition inside the
nanochannels and thus affects the shape of the channel.
In contrast, atomic layer deposition (ALD) is based on successive, separated, and self-terminating gas-
solid surface reactions that enable coating processes with a monolayer thickness precision [81]. Thermal
ALD induces chemical reactions at suitable temperatures and separates the self-limiting half-reactions in
time. The resulting time independence of the process provides the monolayer thickness control. Since
the entering of gas into nanochannels is governed by diffusion, sufficient time provides the deposition of
uniform films on the inner surface of nanochannels characterized by aspect ratios up to 10 000 [81–85].
Plasma-enhanced ALD utilizes ionized gas precursor molecules (by e.g. N2 plasma) that chemically bind
to the surface of the sample. For this process, a broader range of precursors is available. However, ho-
mogeneous coating is only achieved for structures with aspect ratios below 50 due to the high reactivity
of radicals [86]. To avoid too long process times caused by low growth rates, spatial ALD was developed.
The separation of the self-limiting half-reactions in time is replaced by spatial separation of the precursor
gases by inert gas and the substrat moving between the precursor gases. Costs are reduced because the
process is performed under ambient pressure instead of low pressure [87]. Nowadays, spatial ALD is
applied for planar substrates and in industry for roll-to-roll coating of foils [88, 89].
In total, the layer-by-layer growth characteristic of ALD in combination with the time independence of a
thermal ALD-process seem to be most suitable to provide conformal coatings of high aspect ratio nanos-
tructures. Specific surface properties such as catalytic activity, hydrophobicity, and corrosion resistivity
can be tuned by depositing a specific material. Successful coatings with the three oxides TiO2, SiO2, and
Al2O3 by ALD are reported for various porous systems including AAO [90–94]. Nanochannels with a
diameter of 40 nm in AAO were coated with less than 3 nm thick TiO2 layers by Sander et al. resulting in
an aspect ratio of 38 [90]. Elam et al. deposited Al2O3 in AAO nanochannels exhibiting an aspect ratio
of 770 [91]. SiO2 coatings of AAO nanochannels up to an aspect ratio of 3000 were described by Romero
et al., who also investigated the ionic transport of NaCl solution through such a multichannel membrane
[92]. In addition, these three oxides were applied to modify the surface of cylindrical etched ion-tracks
in PC multichannel membranes [21, 95–99]. For instance, Bae et al. deposited TiO2 and Al2O3 up to an
aspect ratio of 300 in PC [97].
In this work, etched ion-tracks in PC were synthesized with various channel diameters and geometries
as well as interconnected. To reduce the channel diameters in a controlled manner, the templates were
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coated with TiO2, SiO2, and Al2O3 by ALD. These materials can be deposited by thermal ALD processes,
which enable the surface modification of complex three dimensional structures. Due to the thermal in-
stability of the PC above 140 °C [100], the processes had to be performed at low temperatures compared
to the standard processes usually operated between 250 and 300 °C. This required the optimization of
the process parameters considering the slower reaction kinetics as well as the high aspect ratios of the
channels. Dissolution of the polymer template resulted in self-supporting nanotubes. Besides the coating
of multichannel membranes, the optimized process parameters were utilized to modify the surface of
single nanochannels. These channels were investigated by ionic conductance measurements.
Objectives of this Thesis
To investigate if ALD is suitable for tailored coating of high aspect ratio nanostructures exhibiting various
geometries, the high flexibility of etched ion-track templates regarding arrangement, number, geometry,
and dimensions of nanochannels was utilized. For all studies, 30-µm thick polycarbonate foils served as
template. In systematic series, parallel aligned nanochannels of cylindrical and conical geometry as well
as highly-ordered networks of cylindrical nanochannels were fabricated and subsequently coated with
various thicknesses of TiO2, SiO2, and Al2O3.
Besides characterization of the as-synthesized samples, the nanostructures were released from the tem-
plate by dissolution of the polymer before analysis. Different preparation ways of the self-supporting
nanostructures provided access to all information about morphology and composition, which were stud-
ied by various complementary methods. Small angle X-ray scattering (SAXS) was applied to analyze
the conformity of the ALD processes within cylindrical nanochannels (initial diameters 18-55 nm, ALD
layer thicknesses 5-22 nm). At the flat surface of these membranes, the composition of the deposited
layers was analyzed by X-ray photoelectron spectroscopy (XPS). Energy dispersive X-ray spectroscopy
(EDX) of all kinds of released nanotubes showed the composition of the coating on the inner channel
walls. Imaging these nanotubes with scanning electron microscopy (SEM) in transmission mode enabled
further investigation of the homogeneity of the coating along the entire channel length. SEM of arrays of
free-standing conical nanotubes was applied to study qualitatively their mechanical stability depending
on material and thickness of the walls (10-20 nm). The ALD coating of highly-ordered nanochannel
networks was investigated by the visualization of cross-sections of coated membranes as well as free-
standing networks with SEM.
To develop single-channel devices, the deposition of TiO2, SiO2, and Al2O3 in cylindrical and coni-
cal nanochannels was transferred from multichannel membranes to single-channel membranes. It was
tested by ionic conductance measurements (I − V ), if ALD is a suitable tool to precisely adjust the (tip)
diameter of cylindrical and conical single nanochannels. In addition, the three oxides exhibit different
points of zero charge. To show the influence of the induced surface charges depending on the wall
material and thus the tailoring of single channels provided by ALD, the pH value of the electrolyte was
varied. As first application, single conical nanochannels coated with 5 nm TiO2 were gated by small
modifications of the I-V set up resulting in nanofluidic transistors comparable to n-type JFETs.
5

Part I.
Materials and Methods
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This part presents the different methods applied for the synthesis of layer-by-layer
coated nanochannels together with the various employed characterization tech-
niques.
Ion-track technology was applied to fabricate polymer membranes containing sin-
gle or multiple or interconnected nanochannels of cylindrical or conical geometry
(Chapter 2). By low-temperature atomic layer deposition (ALD) the templates were
coated with TiO2, SiO2, and Al2O3 (Chapter 3). Ionic conductometry was applied to
characterize the surface-modified single nanochannels. Thus, the basics of nanoflu-
idics and ionic conductometry are explained in Chapter 4. For the investigation of
morphology and composition of the coatings, the samples were prepared in var-
ious ways (Chapter 5). The characterization methods, experimental set-ups, and
parameters are given in Chapter 6.
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2 Ion-Track Technology
Ion-track technology provides polymeric templates with precisely controllable geometry, length, size, and
density of nanochannels [52–54]. By applying suitable parameters, the nanochannels can be adjusted
to exhibit aspect ratios (length to diameter) up to 1000 [64, 101]. The approach consists of two steps:
(1) ∼30-µm thick polycarbonate foils are irradiated with a well-defined number of swift heavy ions
resulting in cylindrical ion tracks. (2) Subsequent wet-chemical etching converts each track into an open
nanochannel. The following Sections 2.1 and 2.2 describe both steps in detail, especially regarding the
aim of various geometries as well as number of nanochannels.
2.1 Heavy Ion Irradiation
The interaction of swift heavy ions with matter depends strongly on the energy of the ions. For specific
energies below 0.1 MeV per nucleon (MeV/n), a projectile ion collides elastically with the target nuclei.
The ion loses energy by many collisions denoted as nuclear stopping [53, 102]. In contrast, ions with
energies above 0.1 MeV/n mainly transfer their energy to the target electrons by excitation and ionization
of the target atoms. This process is called electronic stopping [102]. The energy transfer within one
collision is small because the collision partners are the light electrons. The many collisions with the
target electrons do not result in significant momentum transfer of the projectile and thus the trajectory
of the ion is straight. The straight trajectory of the ions is a great benefit for the ion-track technology
because it allows the synthesis of nanoporous templates with parallel aligned channels. Thus, processes
ascribed to electronic stopping are described in more detail below.
For electronic stopping, the energy loss per unit length is described quantitatively by the Bethe-Bloch
equation [103]. 
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where e is the elementary charge, me the electron mass, vp the velocity of the ion, Zeff the equilibrium
effective charge of the projectile ion, Zt the atomic number of the target, Nt the density of target atoms,
I the ionization energy of the target atoms, and β the velocity of the ion in units of speed of light.
Relativistic effects and contributions of electrons from inner atomic shells are taken into account by
the correction factors δ and U , respectively. According to the Bethe-Bloch equation, the energy loss in
a specific target material depends on the velocity of the projectile ion and its effective charge. Due to
electron captures and losses on the way through the target the charge state of the ion varies. Additionally,
the semi-empirical Barka equation describes the dependency of the effective charge on the projectile
velocity [52]:
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with the atomic number of the projectile Zp. At a given projectile velocity, heavier ions have a higher
effective charge state resulting in a higher electronic energy loss than light ions. Since the damage is
proportional to dEdx , heavier ions create larger tracks. Therefore, swift heavy ions are better suited to
create homogeneous ion tracks in polymers.
The processes ascribed to electronic stopping can form ion tracks and occur at ultra short timescales.
10−17 − 10−16 s after the collision of projectile ion and target electrons, the initial ionization processes
generate electrons, so-called delta electrons. At 10−15 − 10−14 s, these electrons propagate and further
ionize atoms resulting in an electron collision cascade that can range over a large radial distance (up
to 0.5 µm) from the initial ion trajectory. By electron-phonon coupling, the energy is transferred to
the lattice at 10−13 − 10−10 s. According to the thermal-spike model, this leads to a strong temperature
increase and melting of the target material along the ion trajectory [57, 104]. Due to fast cooling, the
disorder/damage in the molten zone is conserved. This zone exhibits a radius of several nm and is called
core of the ion track [52, 55–57, 60, 105]. Radiation-sensitive materials such as polymers can also be
damaged by the electron collision cascade. Since this has larger dimensions, the outer region of the
ion track is called halo. For the used amorphous polycarbonate [100], the energy loss around the ion
trajectory is radially isotropic resulting in cylindrical ion tracks.
To guarantee a homogeneous ion track through the complete thickness of the polymer foil, the ion has to
pass completely through the polymer in the regime of electronic stopping. For Au ions accelerated at the
linear accelerator UNILAC at GSI Helmholtzzentrum für Schwerionenforschung, the maximum available
specific energy is 11.4 MeV/n. The corresponding projectile range in polymers is about 175 µm allowing
the irradiation of stacks of thin foils of total thickness below the maximum range [106]. In contrast to
porous sponge-like membranes commonly used for filtration processes, the irradiation with swift heavy
ions provides parallel aligned ion tracks with an angular spread of typically < 1° [63].
The number of ion tracks per area is adjusted by the applied ion fluence. Fluences of ∼ 109 ionscm2 and
∼ 106 ionscm2 were used to fabricate templates exhibiting arrays of randomly distributed, parallel aligned
cylindrical or conical nanochannels. In order to fabricate membranes with one single nanochannel, a
metal mask with a centered aperture of ∼200 µm diameter is placed in front of the polymer foil stack.
By magnetic defocusing, the flux of the beam is reduced such that about one ion passes the aperture per
second. At such a low flux, the beam can be deflected electrostatically as soon as a detector behind the
polymer foil registers one ion [37, 38, 58–60, 107]. Standard irradiations were performed under beam
incidence normal to the sample surface. To produce templates with interconnected nanochannels, the
irradiation was performed under a beam incident angle of 45° from 4 different directions with a fluence
of ∼ 109 ionscm2 each [54, 67].
In this work, ∼30-µm thick amorphous polycarbonate foils (Makrofol N, Bayer [100]) with a diameter of
∼3 cm were used. They exhibit a smooth and a rough surface. Figure 2.1.1 shows the monomer structure
of polycarbonate. Swift heavy ion irradiation under vacuum conditions leads to scissoring of the polymer
chains resulting in new chemical end groups [55, 108, 109]. Some carbonate groups are transformed
into carbonyl groups [110], hydroxil groups bond to phenyl groups [55, 108, 110] and other end groups
like alkyne groups, alcohols, and vinyl derivates can be formed [55, 110]. These end groups increase
the chemical reactivity with hydroxil groups of an etchant like NaOH, yielding increased preferential
chemical etching of the track material compared to the surrounding unirradiated matrix. Additionally,
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small molecule fragments such as CO2 or hydrocarbons (CnHm) outgas during ion irradiation forming
free volumes around the end groups. This makes the tracks more accessible for the etchant and thus
increases the etchability [108, 111, 112]. Since the end groups are better soluble in the etchant, the
transport of the reagent is enhanced [110].
Figure 2.1.1.: Monomer structure of polycarbonate.
2.1. Heavy Ion Irradiation 11
2.2 Selective Track Etching
Selective chemical etching allows the transformation of ion tracks into open nanochannels. Since the
damages caused by the ions increase the chemical reactivity along the tracks, the track etching velocity
(vT ) is increased compared to the etch rate of the undamaged bulk material (vB). The ratio of the bulk
etching velocity vB and the track etching velocity vT characterizes the opening angle θ = arcsin

vB
vT

of the resulting nanochannel (Figure 2.2.1). The etching ratio depends on polymer properties (e.g.
material, thickness, and aging) as well as on post treatments, characteristics of the etchant (e.g. content,
temperature, concentration, and pH), and irradiation parameters (e.g. energy loss, temperature, and
atmosphere) [113]. If these parameters are controlled, geometry and size of the nanochannels can be
tailored. Here, cylindrical and conical nanochannels with various diameters were synthesized. Before
selective etching, the irradiated polymer foils were exposed to Ultraviolet (UV) light of wavelength
between 280 and 400 nm in air at room temperature for 60 min each side to achieve a small distribution
of the channel size [56, 110, 114–116].
In this work, polycarbonate foils were used to fabricate templates, since nanochannels in this material
are known to exhibit a rather smooth wall in contrast to polyethylene terephthalate (PET) probably due
to the semicrystalline structure of the latter [42, 117].
Figure 2.2.1.: Selective etching of ion tracks. The opening angle θ = arcsin

vB
vT

depends on the ratio of
the bulk etching velocity (vB) and the track etching velocity (vT).
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2.2.1 Cylindrical Nanochannels
To etch cylindrical nanochannels, the track etching velocity has to be much higher than the bulk etching
velocity vT  vB. In addition, the etching is performed under symmetric conditions from both sides of
the membrane. The diameter of the resulting nanochannels is adjusted by the etching time [52, 54, 58–
60, 118]. The shortest etching times, which guarantee a breakthrough and a cylindrical shape of the
nanochannels, result in aspect ratios (length-to-diameter) up to 1000. Here, the ion tracks in polycar-
bonate were etched using 6 M aqueous sodium hydroxide (NaOH) solution at ∼50 °C in a thermostated
beaker with magnetic stirring as shown in Figure 2.2.2a. To synthesize the network templates exhibiting
interconnected cylindrical nanochannels, the etching was performed in the same way using foils with
interconnected ion-tracks (Figure 2.2.2b).
Figure 2.2.2.: Schematics of the symmetric etching: A much higher track etching velocity than bulk etch-
ing velocity (vT  vB) results in cylindrical nanochannels either parallelly aligned (a) or
interconnected (b).
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2.2.2 Conical Nanochannels
To synthesize conical nanochannels, the etching is performed under asymmetric conditions. The track
etching velocity has to be slightly higher than the bulk etching velocity vT > vB [37, 38, 119–121]. The
opening angle can be varied by modifying the etchant with additves [60, 107]. In this work, the irra-
diated polycarbonate foils were placed in an electrochemical cell between two Teflon compartments as
shown in Figure 2.2.3. To achieve asymmetric etching conditions, the compartment at the rough side
of the membrane was filled with an etching solution of a 40:60 mixture of 9 M aqueous NaOH solution
and methanol (CH3OH) from where the etching would start forming the base of the cones, whereas the
second compartment (at the smooth side of the membrane) contained deionized H2O (Millipore Direct-
QTMS) at the future tip of the channel [122]. The water acts as stopping solution by neutralizing the
etchant after the breakthrough. The methanol increases the bulk etching velocity and slightly the track
etching velocity [107]. The conical etching was performed at ∼30 °C. To monitor the etching process, an
electrical potential of 1 V was applied between two Au electrodes by a DAQ card (National Instruments,
PCI-MIO-16XE-50). The negative electrode was placed in the stopping solution to repel the negatively
charged ions from the channel tip resulting in a slower etching process at the tip after the breakthrough
of the channel [116]. The current flow between the two electrodes was recorded applying a Keithley
picoammeter 6485 in order to define the time of breakthrough [37]. To stop the etching process, elec-
trodes and solutions were removed from the electrochemical cell and the membrane was rinsed several
times with deionized H2O.
Figure 2.2.3.: Conical nanochannels are created by asymmetric etching conditions and a bulk etching
velocity slightly lower than the track etching velocity (vT > vB).
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3 Atomic Layer Deposition (ALD)
Atomic layer deposition (ALD) was applied to modify the inner surface of the high aspect ratio nanochan-
nels in the polycarbonate membranes with layers of TiO2, SiO2, and Al2O3. This deposition method
enables the control of the deposited layer thickness with monolayer precision. Here, thermal ALD was
applied, which means that the reaction is temperature activated and takes place in the gas-phase. The
high precision in thickness is achieved by splitting the reaction into two self-limited half-reactions on the
sample surface [95, 123]. In order to have two independent half-reactions, they are separated in time.
This is realized in four steps denoted as ALD cycle. They are shown schematically in Figure 3.0.1: (a) The
first gaseous precursor chemisorbs to suitable free binding sites on the sample surface until saturation is
reached. Thus, this is the first self-limited half-reaction. (b) Purging with an inert gas removes remaining
precursor molecules and reaction byproducts. (c) The second gaseous precursor reacts with the first one
forming the desired material until all first precursor molecules reacted. Thus, the second self-limited
half-reaction results in a monolayer of deposited material. (d) Purging with inert gas is performed again,
in order to achieve a clean reaction environment for the growth of further layers. Repeating the ALD-
cycle results in thin films synthesized layer-by-layer. This reaction scheme requires precursors, which
do not react with themselves, reaction byproducts or the deposited monolayer. Moreover, the precursor
needs to be volatile enough to be distributed homogeneously on the whole sample surface. After the
second half-reaction, the second precursor must offer the same free binding sites as the pristine sample
surface to enable the growth of further layers.
Figure 3.0.1.: (a)-(d) Scheme of an ALD cycle containing 4 steps to deposit a monolayer.
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In principle, an ALD reactor consists of a vacuum chamber, which is equipped with various lines for the
supply of inert gas and precursors. Each precursor line transports only one type of precursor from a
stainless steel container directly into the vacuum chamber. The supply of all gases is controlled by high
precision and fast switching pneumatic valves. To minimize the probability of impurities in the deposited
layers, ALD is operated in medium vacuum. Perfect layers and layer-by-layer growth is achieved in
the so-called ALD-window [81, 123], where the growth rate is constant for the optimum deposition
temperatures (Figure 3.0.2 (1)). If the temperature on the sample surface is too low, the precursors
condensate (2) or have an insufficient reactivity (3). The precursors decompose (4) or desorb (5) at
too high temperatures. Additionally, the growth rate is limited, if there is a lack of reactive sites at the
sample surface (6). In order to enable saturation of the half-reactions, the amount of precursor material
has to be sufficient and the exposure time long enough. Depending on the topography of the sample,
the diffusivity of the precursors, and the reaction speed, one ALD cycle may be in the range of minutes,
making the deposition of films thicker than 100 nm very inefficient.
Figure 3.0.2.: Within the ALD-window optimum deposition conditions are provided resulting in a con-
stant growth rate [81, 123].
The amount of exposed precursor is controlled by the pulse time. It has to be long enough to provide a
sufficient amount of precursor (Figure 3.0.3). For self-limiting growth, the deposition rate is independent
on the pulse time and thus on the amount of precursor [81]. The growth rate increases and decreases
in the case of precursor decomposition and etching reactions at the grown layers, respectively. These
effects become more probable for longer pulse times.
The layer-by-layer growth due to self-limited surface reactions results in a conformal surface coating,
which makes ALD perfectly suitable to coat complex topographies such as porous systems exhibiting
large specific surface areas. The homogeneous coating in pores is controlled by the diffusion of the
precursors and the remaining precursors as well as reaction byproducts in and out of the pores. In
structures with high length-to-diameter ratios, the diffusion processes take longer. Thus, they require
extended exposure and purge times in the ALD processes. This work focuses on the surface modifica-
tion of nanochannels in polycarbonate, which exhibits long-term thermal stability below 140 °C [100].
Therefore, during all applied ALD processes the sample temperature had to be lower. This causes lower
reactivity of the precursors [81] and slower diffusion processes compared to established processes. For
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example, the coating of flat SiO2 wafers is usually performed around 300 °C. Lower reactivity and slower
diffusion require longer exposure and purge times, respectively.
It is noted that nanoporous polymeric templates differ from substrates commonly coated by ALD by the
following means: thermal instability at lower temperatures, larger specific surface area, and higher as-
pect ratio. Thus, a homogeneous coating could only be achieved by adjusting the deposition parameters,
namely lower temperature, extended pulse, exposure, and purge times. For the three deposited oxides
TiO2, SiO2, and Al2O3, the applied parameters are presented in the following sections.
Figure 3.0.3.: Sufficient amounts of precursors, i.e. long enough pulse times, enable self-limiting growth
[81]. Precursor decomposition and etching reactions at the already deposited layers in-
crease and decrease the growth rate, respectively.
The ALD coatings were performed using three different equipments:
• SiO2 was deposited by the group of Prof. Dr. C. Hess (Chemie, Technische Universität Darmstadt)
in a custom-built reactor. It was operated in stop-mode with an additional exposure time after the
precursor pulses, in which the precursor molecules diffuse into the nanochannels.
• TiO2 and Al2O3 coatings were performed by the group of Prof. Dr. K. Nielsch (Institut für
Nanostruktur- und Festkörperphysik, Universität Hamburg). The custom-built reactors were oper-
ated in stop-mode, which enables the precursor molecules to diffuse into the nanochannels during
an additional exposure time after the precursor pulses.
• After installation of a flow-type reactor (R-200 Basic, Picosun) at GSI Helmholtzzentrum für
Schwerionenforschung in Darmstadt, TiO2 and Al2O3 were deposited with a continuous flow of
inert gas during the entire ALD cycle.
For all three oxides, the ALD processes were operated with purified N2 as inert purge gas and H2O as
oxygen delivering precursor. As reference a flat Si-wafer piece was placed in the reaction chamber during
all ALD processes and the deposited film thickness was determined by ellipsometry.
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3.1 Titania (TiO2)
Titania (TiO2) is used for various technical applications. Due to its high refraction index, which causes
high covering power and tint reducing power, it is applied as white pigment in paints [124]. Since it is
non-toxic, these properties are also utilized in food and cosmetics. TiO2 is a semiconductor that absorbs
ultraviolet light enabling its application in solar-cells such as the Grätzel cell [1]. In addition, it is used
as chemically active species in various (photo-) catalytic systems [124].
Here, titanium isopropoxide Ti(OCH (CH3)2)4 (TTIP, electronic grade, SAFC Hitech) was used as metal
delivering precursor to perform TiO2 coatings. TTIP is a colorless to light-yellow liquid at room temper-
ature, which is flammable. It is acute toxic after inhalation and causes serious eye irritation. Its vapor
pressure at room temperature does not enable the evaporation of sufficient amounts from the precursor
container. Thus, heating of the precursor bottle is required. Equations 3.1, 3.2, and 3.3 display the
mechanisms of the two half reactions and the complete reaction for the TiO2 coatings. Asteriks indicate
surface species [125].
1st half reaction : TiOH∗ + Ti(OCH (CH3)2)4 → TiOTi(OCH (CH3)2)∗3 +C3H8O (3.1)
2nd half reaction : Ti(OCH (CH3)2)
∗ +H2O → TiOH∗ +C3H8O (3.2)
entire reaction : Ti(OCH (CH3)2)4 + 2H2O → TiO2 + 4C3H8O (3.3)
The first TiO2 depositions were performed at Universität Hamburg in the group of Prof. Dr. K. Nielsch
applying parameters established for the coating of opals [126, 127]. The deposition temperature was
∼95 °C, the N2 purging flow rate was 50 sccm, and TTIP was heated to ∼80 °C to increase its vapour
pressure. One ALD cycle consisted of:
• a 2 s long TTIP pulse (exposure time 45 s)
• N2 purging (90 s)
• a 0.2 s long H2O pulse (exposure time 45 s)
• N2 purging (90 s)
The measured growth rate of this ALD process is ∼0.04 nm/cycle on Si-wafers. Applying these parame-
ters lead to successful TiO2 depositions in the polymeric nanochannels (Section 7).
At GSI, the deposition temperature was set to ∼110 °C to decrease the condensation of remaining H2O
precursor molecules and increase diffusivity. In the reaction chamber, the N2 flow rate was 120 sccm. An
ALD cycle involved:
• a TTIP pulse operated in boost mode (see explanation below)
• N2 purging (50 s)
• a H2O pulse at a precursor line carrier gas flow rate (N2) of 200 sccm for 0.4 s
• N2 purging (50 s)
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For increasing the vapor pressure of TTIP to ∼164 Pa, it was heated to ∼70 °C [128]. To further increase
the amount of TTIP being transported into the reaction chamber, the TTIP pulse was boosted by starting
the pulse 0.5 s before the N2 carrier gas flow rate is set to 600 sccm for 4.8 s. Due to the high flow rate,
N2 fills the precursor container. During the TTIP pulse the flow in the H2O precursor line was set to 600
sccm, too, resulting in a balanced N2 flow to the reaction chamber. Applying these parameters resulted
in a growth rate of ∼0.01 nm/cycle on Si-wafers due to the chosen deposition temperature [129]. TiO2
coatings deposited at these temperatures are amorphous [129].
3.2 Silicon dioxide (SiO2)
Silicon dioxide (SiO2) is widely used in industry, e.g., for the production of glass and cement as well as
in food and pharmaceutical applications [130]. Its usage in semiconductor and microsystem technology
as insulating and passivation layer and as substrate for the masks in photo lithography is based on its
stability at high temperatures, chemical inertness, and electrically insulating properties [130].
For the ALD deposition, silicon tetrachloride (SiCl4, 99 %, Sigma-Aldrich) was utilized as precursor,
which delivers silicon. SiCl4 is a colorless liquid at room temperature. It reacts violently with water and
is harmful by inhalation and if swallowed, causing severe burns and irritations at the respiratory system.
The reaction mechanism shown in the equations below (surface species are labeled by asteriks) requires
a catalyst [131].
1st half reaction : SiOH∗ + SiCl4 → SiOSiCl3∗ +HCl (3.4)
2nd half reaction : SiCl∗ +H2O → SiOH∗ +HCl (3.5)
entire reaction : SiCl4 + 2H2O → SiO2 + 4HCl (3.6)
This ALD process was established in the group of Prof. Dr. C. Hess at TU Darmstadt in order to coat
polymeric nanochannels as well as mesoporous silica (SBA-15) [99] utilizing pyridine (C5H5N, 99,8 %,
anhydrous, Sigma-Aldrich) as catalyst for the low-temperature process, which restricted the reaction
temperature to ∼60 °C [132]. The N2 purging flow rate was 200 sccm. An ALD cycle comprised:
• a 0.1 s long pyridine pulse (exposure time 5 s), a 0.1 s long SiCl4 pulse (exposure time 60 s)
• N2 purging (70 s)
• a 0.1 s long pyridine pulse (exposure time 5 s), a 0.1 s long H2O pulse (exposure time 60 s)
• N2 purging (70 s)
The growth rate obtained on Si-wafers is ∼0.18 nm/cycle. The deposition temperature of ∼60 °C leads
to amorphous SiO2 layers.
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3.3 Alumina (Al2O3)
Due to its electrical insulating, heat conducting, and corrosion protecting properties alumina (Al2O3) is
applied as dielectric in electrical engineering for e.g. capacitors in high-frequency technology, as sub-
strate for electric devices, where they act simultaneously as cooling element, and as protective layer in
e.g. mechanical engineering [133]. In semiconductor technology, ALD of Al2O3 and other metal oxides
is the only method to fabricate thin insulating layers for trench capacities or gate oxides of scaled metal-
oxide-semiconductor field-effect transistors [134].
In this work, Al2O3 layers were deposited applying trimethylaluminium (Al (CH3)3, TMA, electronic
grade, SAFC Hitech) as metal delivering precursor. TMA is a colorless liquid at room temperature, which
is pyrophoric, violently reactive with water, spontaneously flammable in air, and causes skin corrosion.
It exhibits a vapor pressure of ∼1200 Pa at room temperature [135], which is high enough to evaporate
sufficient amounts of TMA out of the precursor container without heating. The following equations show
the reaction mechanism to deposit Al2O3 with asteriks marking surface species [91].
1st half reaction : AlOH∗ +Al (CH3)3 → AlOAl (CH3)∗2 +CH4 (3.7)
2nd half reaction : AlCH3
∗ +H2O → AlOH∗ +CH4 (3.8)
entire reaction : 2Al (CH3)3 + 3H2O → Al2O3 + 6CH4 (3.9)
For the first series of Al2O3 coatings, parameters already known for the coating of other high aspect ratio
structures that require deposition temperatures below 100 °C were applied by the group of Prof. Dr. K.
Nielsch. Al2O3 was deposited at∼95 °C with a N2 purging flow rate of 10 sccm. An ALD cycle comprised:
• a 0.12 s long TMA pulse (exposure time 45 s)
• N2 purging (90 s)
• a 0.2 s long H2O pulse (exposure time 45 s)
• N2 purging (90 s)
On Si-wafers a growth rate of ∼0.1 nm/cycle is measured for this ALD process.
For subsequent Al2O3 depositions at GSI, the process parameters were adjusted to a deposition tem-
perature of ∼110 °C in order to avoid condensation of remaining H2O molecules as well as to increase
reactivity and diffusivity. The N2 flow rate was 120 sccm in the reaction chamber. An ALD cycle consisted
of:
• a TMA pulse for 0.35 s at a precursor line carrier gas flow rate (N2) of 150 sccm
• N2 purging (30 s)
• a 0.35 s long H2O pulse at a N2 carrier gas flow rate of 200 sccm
• N2 purging (30 s)
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This deposition process exhibits a growth rate of ∼0.1 nm/cycle on Si-wafers. For these deposition tem-
peratures, the Al2O3 layers exhibit an amorphous structure.
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4 Nanofluidics in Polymeric Nanochannels
In nanofluidics, the transport properties of fluids through miniaturized structures exhibiting at least
one characteristic dimension below 100 nm are investigated [29, 30]. The high surface-to-volume ra-
tio of these nanostructures results in phenomena, which do not occur in structures at the micro- and
macrofluidic scale [136]. For instance, surface charges at the liquid-solid interface have a strong in-
fluence on fluidics in nanochannels. The formation of surface charges leading to an electrical double
layer at the solid-liquid interface is presented in Section 4.1. The flow of electrically charged particles
solved in the liquid can be controlled by an applied electrical field and is described in Section 4.2. Based
on electrostatic and electrokinetic effects the nanochannel diameter was determined by conductome-
try as presented in Section 4.3. Section 4.4 describes the gating of ionic conductance through a single
nanochannel.
4.1 Electrostatics in Liquid
Surface charges originate from the dissociation of surface groups and the nonelectric, specific adsorption
of ions from the liquid [29, 30, 137, 138]. The resulting electrostatic effects depend on the solid material
and the liquid. For a given material, its surface charge is defined by number and type of acidic and basic
groups of the solution due to protonation or deprotonation [31, 32]. Since the pH value specifies the
acidity of an aqueous solution, no net charge is formed at the surface for a specific pH value, which is
named point of zero charge (PZC). For pristine oxide surfaces in water, mostly H+ and OH− are adsorbed
at the surface and it can be assumed that the point of zero charge coincides with the isoelectric point
(IEP), which is defined as the pH value where a molecule carries no net charge [139]. Table 4.1.1 lists
the isoelectric points of the surface materials studied in this work.
Table 4.1.1.: Isolectric point of the surface materials investigated in this work. a [140], b [141], c [142].
Material Polycarbonate TiO2 SiO2 Al2O3
Isolectric Point (pH value) 5a (4− 6)b,c (2− 3)b,c 9b,c
Surface charges cause electrostatic forces that are essential for interactions between ions and surfaces
in nanoconfinements filled with liquid. Thus, the surface charges strongly influence transport through
nanochannels. Additionally, ions are bound at the surface due to van der Waals forces acting at short
distances. In 1948, the interaction of electrostatic and van der Waals forces was described by Derjaguin,
Landau, Verwey, and Overbeek in the DLVO theory [143]. They assume an infinite flat surface exhibiting
an uniform surface charge density as well as a constant electric potential. In addition, the concentration
profiles are taken as static and the dielectric constant is only influenced by the solvent [144, 145]. In
contrast to electrostatic forces, van der Waals forces are very insensitive to electrolyte concentration and
23
pH value [146].
If the pH value of the liquid differs from the IEP of the surface material, the surface charges at the
liquid-solid interface result in the formation of an oppositely charged region of counterions to secure
charge equalization [147]. This screening layer consisting of fixed and mobile opposite charges is called
electrical double layer (EDL) [29, 30] and is described as homogeneous layer in the DLVO theory. In
contrast, the newer Gouy-Chapman-Stern model divides the EDL in three regions as shown in Figure
4.1.1a [148]. The surface charges of the solid cause the surface potential Ψs. In the solution, the first
layer is called inner Helmholtz plane layer (Inner HP) with the potential Ψi and consists of co- and
counterions, which are non-hydrated and specifically adsorbed on the surface. The second layer is the
outer Helmholtz plane layer (Outer HP) with the potential Ψd formed by hydrated and partially hydrated
counterions. Between inner and outer Helmholtz plane the Stern layer is placed, in which charge and
potential gradient are assumed to be linear. In the third layer, mobile co- and counterions are present
and thus it is called diffuse layer. Within the latter the slip plane with the potential ζ is located, which
can often be approximated by Ψd [149]. The slip plane is also called shear surface and separates ions
bound to the surface from mobile ions in solution. ζ depends on the pH and ionic strength of the liquid
[150–152].
The variation of the electrostatic potential at a charged surface due to a distribution of charged atoms,
i.e. within the EDL, is described mathematically by the Poisson-Boltzmann equation [146]. The approx-
imated solution of Debye-Hückel leads to the thickness of the EDL, the so-called Debye screening length
(Debye length):
λD∝ 1p
Is
=
1q∑
i
1
2ciz
2
i
(4.1)
where Is is the ionic strength depending on the electrolyte concentration ci and the valency of the ion zi.
The Debye length decreases with increasing electrolyte concentration. For 1 M KCl solution, the Debye
length is ∼0.3 nm at room temperature [146]. Decreasing the concentration of the KCl solution to 0.1
M, increases the Debye length to ∼1 nm [146]. Generally, a high ionic strength leads to a thin EDL,
which enables co- and counterions to move through the nanochannel (Figure 4.1.1b). In contrast, a
low ionic strength results in a thick EDL narrowing the channel for the coions or in the extreme case
prohibiting the coions from passing (Figure 4.1.1c). This counterion selectivity is applied for example in
ionic separators [154] and proton-gated ion channels [155].
The approach of this work to modify the surface of single nanochannels by ALD of three different oxides
enabled the investigation of well-defined and smooth surfaces with various IEPs.
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Figure 4.1.1.: Electrical double layer (EDL). (a) Different planes of the EDL according to the Gouy-
Chapman-Stern model [148]. For details, see text. (b) The thin EDL (shaded in light yellow)
allows transport of co- and counterions through the nanochannel at high ionic strength
[153]. (c) A thick EDL results in a counterion selective nanochannel at low ionic strength
[153].
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4.2 Electrokinetics in Liquid
The flow of an ionic fluid through a nanochannel requires a kinetic motion force like electrokinetic or
capillary forces. The latter enables the filling of a nanochannel placed in an ionic electrolyte [156],
whereas in this work electrokinetic forces were utilized to transport ions through a nanochannel by ap-
plying an electrical potential across the membrane containing the channel. The higher ion concentration
in the EDL compared to the rest of the liquid leads to a surface conductance of the ions in the EDL mov-
ing in an electric field. Thus, the surface conductance increases with reduced electrolyte concentration
[157–159].
If an ion is moved in an aqueous solution by an electrical field, electro-osmosis and electrophoresis can
occur. Electro-osmosis is the movement of liquid next to a charged surface due to an electrical field
applied parallel to the liquid-solid interface. At a positively charged surface, the high concentration of
anions within the EDL transport the fluid towards the anode due to viscous interaction [160]. For low
ionic strength, the EDLs overlap in the center of the nanochannel resulting in electro-osmosis governed
by the electrical potential Ψ(z) shown in Figure 4.2.1.
Figure 4.2.1.: Nanochannel with electric potential of each single wall (dashed line) and of overlapping
EDL (Ψ(z), solid line). The channel width is h. Adapted from [153].
Electrophoresis is the movement of charged particles or molecules in a medium due to an electrical field.
An ion is located in an aqueous solution and its charge is screened by the EDL resulting in a zero net
charge of the ion. The application of an electrical field leads the mobile counterions in the EDL to move
in the opposite direction as the unscreened ion itself would have moved, i.e. if a cation is screened by
the EDL, the anions within the EDL move towards the anode. Due to electro-osmosis this counterion
movement results in transport of the liquid. On a global scale, the liquid is in a steady state since the
aqueous medium is viscous. Thus, the movement of the ions induced by electrophoresis depends on the
thickness of the EDL.
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4.2.1 Rectification of Ionic Current in Nanochannels
For cylindrical nanochannels under isotropic electrolyte conditions, the ionic current recorded at a given
positive and negative voltage has a similar absolute value resulting in symmetric I-V characteristics.
However, asymmetric I-V curves of nanochannels are observed in biology indicating that more ions are
transported in one direction than in the other [161]. Potassium selective channels are such rectifying
nanochannels since they transport potassium in, but not out of the cell [24, 25].
Synthetic nanochannels can also show the rectifying, diode-like behavior [27, 33–36]. The rectification
of an ionic current was first observed in single-channel polymer membranes by Siwy et al. [13]. Further-
more, they observed voltage gating known from biological ion channels for single conical nanochannels
in PET. The rectification of the ionic current requires conical nanochannels exhibiting a tip diameter in
the nm range as well as surface charges [33, 36, 162]. There are several explanations in literature. For
example, Siwy and Fulin´ski calculated the electrical potential Ψ(x) inside such a nanochannel, which is
shaped like a sawtooth as presented in Figure 4.2.2a [39]. A voltage applied across the membrane is
an external electrical potential that superimposes with the potential inside the channel. For the polar-
ity shown in Figure 4.2.2b, the counterions pass the channel, whereas they are blocked for the polarity
shown in (c) resulting in a lower ionic current. Thus, the force required to move the ions in one direction
is larger than in the other direction.
Figure 4.2.2.: Scheme of the principle causing rectification of the ionic current in a conical nanochannel
with negatively charged surfaces [39]. (a) Channel potential Ψ(x) without external voltage.
(b) Cations pass the channel, if external electric potential is positive at tip. (c) If negative
potential is at tip, the cations are blocked leading to a low ionic current.
In addition, the diode-like I-V curves are described by concentration changes inside the nanochannel
[163–166]. Based on the Possion-Nernst-Planck (PNP) equations, Cervera et al. applied a simple contin-
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uum model to calculate the electrical potential inside an asymmetric nanochannel [163]. The resulting
potential is asymmetrically shaped and depends on the surface charges. Both, the ratchet and the PNP
model, provide the dependency of the I-V curves on the EDL, since the EDL screens the surface charges.
Schiedt et al. demonstrated this dependency experimentally showing a more pronounced rectification
for low electrolyte concentrations due to a thick EDL [17].
Furthermore, rectification is obtained in symmetric nanochannels exhibiting both positively and neg-
atively charged surface regions due to the resulting asymmetric surface charge distribution inside the
nanochannel [167]. By combining positively and negatively patterned surface charges with conical
nanochannels the rectification is increased [168].
To conclude, the surface charges play an important role for rectification. Experimentally this can be stud-
ied by using different wall materials and by varying the pH value of the electrolyte. This motivated us to
record I-V curves of TiO2-, SiO2-, and Al2O3-coated nanochannels at various pH values of the electrolyte.
The obtained rectifications were quantified applying the ratio:
r =
|I(+Vx)|
|I(−Vx)| (4.2)
where I(+Vx) and I(−Vx) are the ionic currents measured at a certain positive and negative value x of
the applied voltage, respectively. In this work, rectifications (r) were calculated at the highest absolute
value of the voltage applied during the I-V measurements, i.e. ±1 V or ±3 V.
4.3 Ionic Conductance in Nanochannels
If a single-channel membrane is placed into a liquid electrolyte, the nanochannel is filled with the elec-
trolyte due to capillary forces [156]. Applying a voltage across the membrane leads to the flow of an
ionic current depending on the applied voltage. By recording a current-voltage (I-V) curve, the ionic
conductance G of the nanochannel can be calculated from the slope of the curve (G = IV ). If the ionic
conductance is obtained at the IEP of the surface material, the conductance can be applied to determine
the diameter of the nanochannel for a known specific conductivity of the applied electrolyte and a certain
geometry.
Being the inverse of the electrical resistance R, the electrical conductance G of a cylinder of length L is
given by [169]:
G =
1
R
=
I
V
=
d2cyl ·pi ·κ
4 · L (4.3)
where κ is the specific conductivity of the electrolyte and dcyl is the diameter of the cylinder. From this
equation the diameter of the cylinder can be deduced if L and κ are known:
dcyl = 2 ·
√√ I
V
L
pi ·κ (4.4)
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For conductometric measurements, the cylinder is regarded as cylindrical nanochannel filled with the
electrolyte of specific conductivity κ. The length L corresponds to the thickness of the membrane.
The electrical conductance G of a cone with length L, specific conductivity κ, base diameter D, and tip
diameter dtip is given by the following equation [114, 169, 170]:
G =
1
R
=
I
V
=
dtip · D ·pi ·κ
4 · L (4.5)
resulting in the tip diameter of the cone:
dtip = 4 · IV
L
pi ·κ · D (4.6)
The base diameter has to be known to determine the tip diameter of a conical nanochannel. In literature,
multichannel reference membranes are commonly etched simultaneously without a stabilization voltage.
The base diameter is estimated from SEM images of the nanochannels at the membrane surface after Au
sputter-coating the multichannel samples [14, 16, 80, 116, 171, 172]. In addition, the so-called replica
method determines the base diameter of nanowires electrodeposited in a multichannel reference mem-
brane [107, 172–174]. In this work, the corresponding multichannel reference membrane was etched
under identical conditions, i.e. applying the same stabilization voltage, directly after the the single-
channel membrane. Then tubular replica were synthesized by ALD in both membranes to compare the
dimensions of single and multichannels prepared under identical conditions (Section 8.6). In addition,
ALD-coated single-conical nanochannels were prepared as free-standing replica after I-V measurements.
This provides the base diameter of the single channels used for conductometric measurements.
4.4 Gated Conductance
Transistors are electric semiconducting devices that adjust their electrical resistance as function of an
external current or voltage. They are applied to switch electrical currents or amplify electrical signals.
In integrated circuits, transistors are ubiquitous due to their small size and integration capability.
The field effect transistor (FET) is a specific type of transistor, which regulates the conductance or the
size of the conductive channel by a transversal electrical potential. The conductive channel is contacted
to three electrodes. One is the source S, where the charge carriers start to flow towards the drain D,
the second electrode. Applying a voltage between source and drain (VDS) results in the source-drain
current ID. The regulation of the latter is performed by applying a voltage between the third contact, the
so-called gate G, and the source [175].
As specific type of a FET, the junction field effect transistor (JFET) exhibits a source-drain current if no
voltage is applied to the gate (Figure 4.4.1a). JFETs commonly consist of a semiconductive crystal with
positive and negative doped regions. They are called n-type and p-type JFET if the conductive channel
is n-doped and p-doped, respectively. The current flow is almost exclusively performed by one type of
charge carrier, the majority carriers, and thus a JFET is called unipolar transistor. A gate voltage of
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suitable polarity reduces the source-drain current by forming a depletion layer within the conductive
channel. By increasing the gate voltage, the depletion layer grows and narrows the conductive channel
until it is blocked. Figure 4.4.1b displays the current-voltage characteristic for a given gate voltage
(VGS) and an increasing drain-source voltage (VDS). The source-drain current (ID) increases according to
Ohms law until the saturation current IDSS in the channel is reached. Applying increased gate voltages
VGS results in lower IDSS (Figure 4.4.1c right). For every VDS, a control curve can be deduced from the
current-voltage characteristics for various VGS as shown representatively for VDS = 6 V in Figure 4.4.1c
(left). The gate voltage that completely blocks the conductive channel is called pinch-off voltage (Vp)
[175].
Figure 4.4.1.: n-type junction field effect transistor (JFET). (a) Circuit diagram showing the conductive
channel connected to source S and drain D. Applying a voltage between them (VDS) re-
sults in the source-drain current ID. A voltage applied to the gate G (VGS) reduces ID. (b)
Exemplary current-voltage curve for a given gate voltage VGS. (c) Increasing the gate volt-
age reduces the saturation current IDSS (right). For VDS = 6 V, the deduced control curve is
presented on the left. (b,c) adapted from [175].
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5 Sample Preparation for Analyses
To characterize morphology and composition of the ALD-coated etched ion-track polycarbonate mem-
branes, various methods were applied. The samples were analyzed before and after ALD-coating as well
as after subsequent dissolution of the polymer membrane. Suitable sample preparation protocols were
developed for each case, which are described in the following sections.
5.1 Conductive Coating for SEM Imaging
Gold (Au) was sputtered onto as-fabricated samples as well as on nanostructures released from the poly-
mer matrix. The Au sputtering was performed with an EDWARDS Sputter Coater S150B at a Argon
pressure of ∼0.1 Torr and a plasma was initiated at a potential of ∼1.6 kV resulting in a current of ∼18
mA. These parameters led to the deposition rate of ∼40 nm Au per minute.
For Scanning Electron Microscopy (SEM) studies, samples were sputtercoated for 30 s onto the smooth
side of the membrane. This avoided charging effects of the uncoated and ALD-coated membranes when
analyzing the nanochannels at the membrane surface.
5.2 Release of Nanotubes from Polycarbonate Templates for SEM
Investigation in Transmission
To study thickness, homogeneity, and conformity of the ALD coating inside the nanochannels of mul-
tichannel membranes, the polycarbonate template was dissolved in dichloromethane (DCM, > 99.5%,
Carl Roth GmbH). For this, the sample was placed on the inner wall of a Teflon funnel and ∼50 ml DCM
were dropped onto it. A standard copper-lacey transmission electron microscopy grid (Cu-lacey TEM-
grid, Plano GmbH) was positioned at the bottom of the funnel collecting the released nanostructures.
5.3 Fabrication of Free-Standing Nanostructures
To verify that all nanochannels had been ALD-coated, to investigate the homogeneity of the nanotubes
within one sample and test the mechanical stability of the resulting nanostructures, the coated templates
of conical nanotubes and nanotube networks were mechanically stabilized by fixing them onto a metallic
layer on the rough side of the membrane as shown schematically in Figure 5.3.1 [122]. First, Au was
sputtered for 5 min to achieve a ∼200 nm thick layer (a), which acted as working electrode for the
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subsequent electrodeposition of copper (Cu). For reinforcement, a ∼20 µm thick Cu layer was elec-
trodeposited in an electrochemical cell using a copper-sulfate based electrolyte (238 g/L CuSO4 and 21
g/L H2SO4) in a two electrode configuration applying -0.5 V between a Cu ring pressed on the sputtered
Au layer (cathode) and a Cu rod (anode) for 10 min (b). After rinsing with deionised water, a ring
clamped the sample (c) onto a aluminum pin sample plate (Plano GmbH). The nanocones were released
from the polymer matrix by immersing the sample in ∼25 ml dichloromethane (DCM, > 99.5%, Carl
Roth GmbH) for two days. Within this time, the solution was exchanged two times with fresh DCM.
After dissolution of the polymer matrix, a free-standing array of conical nanotubes was achieved (d). For
the networks, the template was dissolved by flushing the sample three times from the top with ∼10 ml
DCM each time, before the sample was immersed in ∼25 ml DCM for a day. Over this period, the DCM
was exchanged two times. Finally, Au was sputtercoated for 10 s onto the free-standing nanocones and
nanotube networks to reduce charging effects during SEM analysis.
Figure 5.3.1.: Preparation of free-standing nanocones. (a) Sputtering of Au onto the base (large open-
ing) side. (b) Eletrodeposition of Cu to reinforce the Au layer. (c) Sample after sputtering
and electrodeposition. (d) Dissolution of the template leads to free-standing nanocones.
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5.4 Cross-Sections of the Templates
To properly visualize the cross-section of etched ion-track membranes, a flat breaking edge is required.
Due to the softness of the polycarbonate membranes, they have to be treated to become brittle. Etched
ion-track membranes irradiated with a fluence of 4 × 1 × 109 ionscm2 and coated with ∼20 nm SiO2 were
sufficiently brittle and broke by touching them with tweezers. Au was sputtered onto all cross-section
samples for 10 s to reduce charging effects in the SEM.
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6 Characterization Methods
For the investigation of morphology and composition of the nanotubes synthesized by ALD in etched ion-
track polycarbonate membranes various characterization methods were utilized. The following sections
briefly describe the applied techniques including the settings used for differently prepared samples.
6.1 Scanning Electron Microscopy (SEM)
All scanning electron microscope (SEM) images were obtained using a high resolution field-emission
SEM (JEOL JSM-7401F) equipped with various detectors. Three secondary electrons detectors are lo-
cated at different positions: Two (SEI and LEI) mounted above the sample to image the topography of
the sample from different angles and one positioned below the sample to obtain images in transmission
mode (STEM-in-SEM). A backscattered electron detector (BSE) allows us to show the contrast between
materials within the analyzed area, and a Bruker XFlash 5030 energy dispersive X-ray spectrometer
(EDX) provides elemental analysis. To focus and thus image the differently prepared nanotubes prop-
erly, various modes of the SEM were applied.
To visualize the openings of the nanochannels at the Au sputtercoated surface of the membrane, the
lower secondary electron detector was employed at an accelaration voltage of 4 kV. The working dis-
tance was kept at ∼6 mm.
Free-standing nanocone arrays and single nanocones were characterized in the low magnification mode
of the lower secondary electron detector employing an acceleration voltage of 20 kV and keeping the
working distance at ∼8 mm. The sample was tilted by 20°.
Free-standing nanotube networks were visualized in gentle beam mode of the lower secondary electron
detector applying an acceleration voltage of 2 kV and keeping the working distance at ∼8 mm.
To study the walls of cylindrical and conical nanotubes, the nanostructures lying on TEM-grids were
investigated in transmission using the transmission electron detector (STEM-in-SEM) at an acceleration
voltage of 20 kV and a working distance of ∼4 mm. Top-views of these samples were taken with the
lower secondary electron detector at an acceleration voltage of 5 kV.
To record EDX multipoint spectra and integrated EDX spectra of linescans positioned across a tubular
nanostructure, the nanotubes were investigated lying on TEM-grids with an acceleration voltage of 20
kV and a working distance of ∼8 mm.
6.2 Small Angle X-ray Scattering (SAXS)
Polycarbonate membranes exhibiting parallel aligned, cylindrical nanochannels were investigated by
small angle X-ray scattering (SAXS) in the group of Prof. Dr. B. Stühn (Physik, Technische Universität
Darmstadt) before and after ALD-coating. The nanochannels act as scattering objects and the scattering
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pattern provides information about the mean size as well as size distribution of a large channel ensemble
(here ∼ 106). SAXS was performed on a laboratory instrument with a sealed X-ray tube (Panalytical)
applying CuKα radiation with a wavelength of 1.54 Å and a multilayer X-ray mirror. The goniometer-
like sample holder enabled the rotation of the sample around two axis perpendicular to the incoming
X-ray beam (accuracy better than 0.01°). A two-dimensional detector (Molecular Metrology) recorded
the scattering pattern at a distance of 150 cm from the sample. This set-up yields access to the scattering
vector q (q = 4piλ sinθ , with the scattering angle 2θ) between 0.008 Å
−1 and 0.25 Å−1. First, the surface
normal of the sample was oriented parallel to the incoming beam (γ = 0°) to align the beam collinear
to the longitudinal axis of the nanochannels. For this alignment, the diffraction resulted in an isotropic
scattering pattern consisting of concentric rings. Due to the large aspect ratio of the studied nanochan-
nels, small tilt of the sample with respect to the X-ray beam (e.g. γ = 20°) caused a highly anisotropic
scattering pattern consisting of a narrow streak parallel to the axis of rotation [176]. To obtain infor-
mation on the electron density within the nanochannel, the scattered intensity, I(q), was analyzed as a
function of the scattering vector q. The diameter of the nanochannels as well as the layer thickness on
its wall was deduced by fitting the I(q) data with a model function for the form factor. It computes the
two-dimensional scattering pattern by describing the nanochannels as hollow cylinders with a specific
wall thickness embedded in a polycarbonate matrix. The form factor is based on a cylinder model as de-
scribed by Engel et al. [176], which was extended by an additional cylindrical shell to integrate the ALD
coating on the inner channel wall. Electron density of the wall, polydispersity of the channel diameter as
well as instrumental background and resolution were parameters considered during the analysis of the
SAXS data [176, 177].
For some samples, SAXS experiments were performed by the group of Dr. P. Kluth (ANU, Canberra,
Australia) at the synchrotron facility in Melbourne, Australia. The higher beam intensities as well as the
larger distance between sample and detector provide access to a broader range of scattering vectors (q
between 0.0015 Å−1 and 1.1 Å−1 [178]) and thus enables the investigation of a broader channel diame-
ter range. The samples were mounted on a 4-axis goniometer enabling the x-y positioning of the sample
normal to the incoming X-ray beam as well as two different tilt angles. As for the laboratory instrument,
the samples were aligned with the X-ray beam before data acquisition was performed under a defined
tilting angle with respect to the X-ray beam. The scattering patterns were recorded with a photon energy
of 11 keV using a two-dimensional Pilatus 1M hybrid pixel detector placed 96.2 cm distant from the
sample. The scattered intensity I(q) as a function of the scattering vector q was fitted according to the
core-shell cylinder model described by Kluth et al. [179] to obtain initial channel diameter, ALD layer
thickness as well as polydispersity and roughness of the channels.
6.3 Ellipsometry
To determine the thickness of ALD-layers on Silicon reference wafers (Si-wafers), the nanofilm-ep4 el-
lipsometer (Accurion GmbH) of the group of Prof. Dr. M. Biesalski (Chemie, Technische Universität
Darmstadt) was used. This null ellipsometer varies incident and emergent angle between 10° and 85°
relative to the surface normal at a constant wave length of 658 nm. The recorded data were analyzed
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by applying the software Nanofilm P4 (version 1.2.0, Accurion GmbH) with integrated data base for real
(n1) and imaginary refraction indexes n2 (see table 6.3.1).
Table 6.3.1.: Real (n1) and imaginary refraction indexes (n2) at a wavelength of 658 nm applied for the
analysis of the data obtained by null ellipsometry.
Refraction Indexes Air Si<100> TiO2 SiO2 Al2O3
n1 1 3.829991 2.85 1.4565 1.6579
n2 0 0.013726 0 0 0
For the estimation of the layer thickness of depositions performed at Universität Hamburg, a SENpro
spectral ellipsometer (SENTECH) equipped with a halogen lamp (wavelength 370 to 1050 nm) was ap-
plied under an incident angle of 70° . The software SENpro was utilized to fit the spectra according to
the Levenberg-Marquardt algorithm in the range between 400 and 850 nm. The modeling for the oxides
was based on Cauchy and performed by applying the integrated data base.
6.4 X-ray Photoelectron Spectroscopy (XPS)
The composition of the ALD-coated membrane surfaces was studied by X-ray photoelectron spectroscopy
in the group of Prof. Dr. C. Hess (Chemie, Technische Universität Darmstadt). A SSX 100 ESCA Spec-
trometer (Surface Science Laboratories Inc.) equipped with a monochromatic Mg-Kα and later a Al-Kα
source was applied to analyze SiO2 and TiO2 as well as Al2O3 layers, respectively. SiO2 was investigated
under normal beam incidence, whereas TiO2 and Al2O3 were measured under an angle of 45° with re-
spect to the surface normal. The spot size of the beam (∼ 0.25× 1mm2 for Mg-Kα source, ∼ 5× 5mm2
for Al-Kα source) was smaller than the sample area. An electron flood gun with 0.5 eV was used to
avoid charging of the sample. Detail and survey spectra were measured with a step size of the binding
energy of 0.1 and 0.5 eV (0.4 eV for SiO2), respectively. All spectra were referenced to the main C1s
component at 284.5 eV. A Voigt function (30 % Gauss fraction) and a Shirley type background were ap-
plied to perform the least-square fitting analysis with the software CasaXPS (version 2.3.16 PR 1.6, Casa
Software Ltd.). Table 6.4.1 displays the utilized relative sensitivity factors (RSF) to analyze the atomic
composition.
Table 6.4.1.: Relative sensitivity factors (RSF) used for XPS analysis.
aIncluding ubiquitous carbon and carbonate species.
bIncluding Ti4+ and Ti3+ species.
cValues taken from Sobel et al. [99].
C1sa O 1s Ti2pb3/2 Ti-OH Si 2p Al 2p
RSF 1 (0.25)c 2.93 (0.66)c 5.22 2.93 (0.27)c 0.537
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6.5 Current-Voltage (I -V ) Curves
The ionic transport properties of a single nanochannel in a polycarbonate membrane were investigated
by ionic conductance measurements. The sample was placed between two Teflon compartments of an
electrochemical cell, which is shown in Figure 6.5.1a,b (same cell applied for conical etching). Both
compartments, which were separated by a single-channel membrane, were filled with 1 M KCl solu-
tion exhibiting a specific conductivity κ = 10.68Sm−1 at 25 °C [180]. Current-Voltage (I-V) curves were
recorded by applying a triangular voltage between ±1 V (first series) and ±3 V (Figure 6.5.1c) across the
membrane via two Au electrodes utilizing a picoammeter/voltage source (Keithley 6487). For voltages
between ±3 V, the voltage was increased in steps of 0.15 V and at each voltage the ionic current was mea-
sured for different times depending on the surface material: 1 s (uncoated), 3 s (TiO2), and 10 s (SiO2
and Al2O3). An explanation for the different durations is given in Section 11.4. For the determination of
the diameter of a single cylindrical nanochannel and the tip diameter of a single conical nanochannel,
surface charge effects were minimized by measuring at the isoelectric point (IEP) of the surface material.
Thus, when estimating the (tip) diameter, uncoated and TiO2-coated nanochannels were studied at pH 5,
whereas channels coated with SiO2 were analyzed at pH 2 and Al2O3-coated channels were investigated
at pH 9. The pH of the 1 M KCl solution was adjusted to pH 2 and pH 9 by adding HCl and disodium
phosphate (Na2HPO4), respectively. The pH adjustment did not influence significantly the electrolyte
concentration of 1 M.
Figure 6.5.1.: Set-up for ionic conductance measurements. (a) Scheme and (b) photo of the electrochem-
ical cell consisting of two Teflon compartments separated by the single-channel membrane,
and filled with 1 M KCl. Via the two Au electrodes a triangular voltage (c) is applied across
the membrane.
The investigation of the ionic conductance in ALD-coated, cylindrically etched ion-track polycarbonate
membranes was divided into the following steps:
• Simultaneous etching of single and multichannel membranes in the same large beaker.
• I-V measurement of single-channel membranes to deduce the diameter of the uncoated nanochan-
nels.
• Simultaneous ALD coating of single and multichannel membranes.
• I-V measurement of single-channel membranes at the IEP to determine the diameter after coating.
• I-V curves recorded at various pH values of the electrolyte.
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• Dissolution of the multichannel membrane to release the reference nanostructures onto Cu-lacey
TEM-grids and investigate them with STEM-in-SEM.
The steps listed below were performed to study the ionic conductance in ALD-coated, conically etched
ion-track polycarbonate membranes:
• Etching of single and multichannel membranes right after each other by applying exactly the same
asymmetric etching conditions.
• I-V measurement of single-channel membranes to deduce the tip diameter of the uncoated
nanochannels.
• Simultaneous ALD coating of single and multichannel membranes.
• I-V measurement of single-channel membranes at the IEP to determine the tip diameter after coat-
ing.
• I-V curves recorded at various pH values of the electrolyte.
• Preparation of the coated single nanochannels as free-standing nanocones to determine the base
diameter by SEM.
• Preparation of one half of the multichannel membrane as free-standing nanocones to estimate the
base diameter by SEM, if the single cone is not found.
• Dissolution of the second half of the multichannel membrane to release the reference nanotubes
onto a Cu-lacey TEM-grid and investigate them by using STEM-in-SEM regarding length and wall
thickness of the nanocones.
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6.6 Current-Voltage (I -V ) Curves of Gated Nanochannels
To control the current flow through single conical nanochannels, a n-type junction field effect transistor
(J-FET, Figure 6.6.1a) was set up. As displayed in Figure 6.6.1b, the studied single-channel membrane
separated the two Teflon compartments of an electrolytical cell. The drain-source voltage VDS was ap-
plied across the single-channel membrane by two Au electrodes and varied triangular between ±3 V
using a DAQ card (National Instruments, PCI-MIO-16XE-50, Figure 6.6.1c). To record the drain current
ID, a picoammeter (Keithley 6485) was utilized. A voltage source (ELV, Switch Power Supply SPS 9001
M) was used to apply the gate-source voltage VGS (Figure 6.6.1d) to the copper ring, which was pressed
onto the tip side of the TiO2-coated membrane, and thus acted as gate electrode.
Figure 6.6.1.: Set-up for gated ionic conductance measurements. (a) Circuit diagram of an n-type junc-
tion field effect transistor. Scheme (b) of the set-up consisting of two Teflon compartments,
which are placed in an electrolytical cell, separated by the single-channel membrane, and
filled with 1 M KCl. Via the two Au electrodes the triangular drain-source voltage VDS (c) is
applied across the membrane, whereas the gate-source voltage VGS (d) is applied to the tip
side of the membrane via a copper ring, which is pressed onto the TiO2-coated membrane
surface and thus acts as gate electrode.
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Part II.
Morphology and
Composition of Atomic Layer
Deposition Coatings
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In this part, the TiO2, SiO2, and Al2O3 nanostructures synthesized by ALD in
etched ion-track polycarbonate templates exhibiting various channel geometries
are presented. The morphology and composition of the nanotubes prepared in
systematic series were studied by different complementary methods.
Chapter 7 focuses on the investigation of cylindrical nanotubes with different
outer diameters and wall thicknesses. For conical nanotubes, the influence of the
number of ALD cycles on the growth process was studied (Chapter 8). Furthermore,
nanocones fabricated in single-channel membranes are discussed. The synthesis and
characterization of cylindrical interconnected nanotubes are presented in Chapter 9.
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7 Cylindrical Nanotubes
The morphology and composition of oxide nanostructures fabricated by low-temperature ALD in cylindri-
cally etched ion-track membranes was investigated. First, basic results are presented before the influence
of the specific parameters initial channel diameter (Section 7.1) and number of ALD cycles (Section 7.2)
on the synthesis is discussed. In Section 7.3, the composition of the TiO2, SiO2, and Al2O3 layers inside
the nanochannels as well as on the membrane surface is analyzed. A qualitative study of the mechanical
stability is given in Section 7.4. The imaging process of the SEM operated in transmission mode and the
resulting method to determine the thickness of the deposited layers inside the nanochannels is discussed
in Section 7.5.
The main desired characteristic of a controlled deposition process in a porous system is the homoge-
neous coating of all channels. This criterion is especially important for this work, since it guarantees the
successful tailoring of single-channel membranes in further experiments.
Figure 7.0.1 displays representative SEM images of the smooth surface of a 170 s etched PC sample.
One quarter of the etched membrane served as uncoated reference (a), whereas the other three sections
were ALD-coated with different thicknesses of TiO2 (b), SiO2 (c), and Al2O3 (d). Calculating the fluence
at various positions of the sample sections resulted in alike fluences of 5.8 ± 0.3 × 108 ionscm2 (uncoated),
5.8±0.4×108 ionscm2 (TiO2), 6.0± 0.6× 108 ionscm2 (SiO2), and 6.1± 0.5× 108 ionscm2 (Al2O3). Thus, the amount
of nanochannels is constant within the typical variation given by the inhomogeneity of the ion irradi-
ation (10 − 20%), indicating no channel closures. For each sample, the inset shows a representative
channel opening. The mean diameter of ∼ 200 channel openings was determined from the SEM images
(ØSEM) and is given above each low magnification image. As expected, ALD reduces the diameter of all
nanochannels at the membrane surface indicating the homogeneous coating of all channels of a sample.
In the case of TiO2 and SiO2, these diameters are not in agreement with the nominal coating thicknesses
and the values deduced from SAXS measurements (ØSAXS). The discrepancy is probably linked to the fact
that SEM provides only information about the channel size at the sample surface and not along the full
channel length. In addition, the quantitative estimation of the channel diameter includes a systematic
error due to the Au sputtering, which influences shape, size, and apperance of the channel openings (e.g.
inset b2).
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Figure 7.0.1.: Smooth surface of four sections of an 170 s etched ion-track polycarbonate membrane
visualized by SEM after Au sputtering. The fluence of all etched sample sections are in ex-
cellent agreement. (a) uncoated section, (b) TiO2-coated section, (c) SiO2-coated section,
and (d) Al2O3-coated section. The scale bar shown in (a) is valid for all low magnification
images. The insets show representative channel openings of each sample at high magnifi-
cation (scale bar displayed in c). For the TiO2 and SiO2 sample, the determined diameters
are smaller than diameters deduced from SAXS.
For further analysis, the polycarbonate templates were dissolved providing access to the released nanos-
tructures along their entire length and to obtain information about the deposition process at all positions
of the nanochannels (Section 5.2). Figure 7.0.2 shows representative SEM images of nanostructures
released from cylindrical nanochannels onto TEM-grids. Due to alignment of the nanotubes relatively to
the detector the tube-like shape is directly verified by looking into the end of a nanotube (a, TiO2 and b,
SiO2) and along the long axis of a nanotube (c, TiO2).
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Figure 7.0.2.: SEM images of nanotubes released onto TEM-grids. (a,b) TiO2 and SiO2 tube ends recorded
in transmission mode (STEM-in-SEM). (c) View along the long axis of a TiO2 nanotube.
In most cases, the top-view SEM images present nanostructures as shown in Figure 7.0.3a. The ∼30-µm
long TiO2 nanostructures located across a bar of the copper TEM-grid evidence that the ALD deposition
process covers the entire nanochannels. In the transmission mode (STEM-in-SEM, b), the morphology of
the identical nanostructures is revealed with dark edges and bright centers corresponding to respectively
more and less material the electron beam has to pass. This feature, visible in the high magnification
images of (b), provides clear proof of a conformal ALD process all along the entire high aspect-ratio
nanochannels. Some nanotubes are still attached to residual parts of the ALD-layer deposited at the
surface of the template (orange circle).
Figure 7.0.3.: SEM images of bundle of TiO2 nanotubes on a TEM-grid. (a) The ∼30-µm long nanotubes
are positioned across the bar of the copper TEM-grid. (b) Same nanotubes imaged in trans-
mission mode (STEM-in-SEM). The orange circle marks nanotubes, which are still connected
to residual parts of the ALD layer deposited at the membrane surface. The scale bar of the
high and low magnification images is given in a and b, respectively.
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The SiO2 nanotubes diplayed in Figure 7.0.4a nicely show the tubular shape of all nanostructures as well
as the homogeneity of the wall thickness. Figure 7.0.4b demonstrates the suitability of STEM-in-SEM for
the analysis of nanotubes due to the visualization of different material thicknesses at centers and walls
of the tubes as well as crossings of super-imposed SiO2 nanotubes. Flat Al2O3 pieces (c), which are still
connected to broken Al2O3 nanotubes, indicate the coating of the membrane surface.
Figure 7.0.4.: STEM-in-SEM images of nanotubes lying on TEM-grids. (a) SiO2 nanotubes exhibiting ho-
mogeneous walls. (b) SiO2 nanotubes revealing various material thicknesses at centers,
walls, and crossings. (c) Flat Al2O3 pieces are still attached to broken nanotubes indicating
a coating process at the entire template surface.
Different impressions of nanotubes (Figures 7.0.2, 7.0.3, 7.0.4) indicate a homogeneous and conformal
ALD deposition of the three oxides in the polycarbonate template. To evidence a controlled surface tai-
loring, systematic studies were performed, which are presented in the following sections.
7.1 Dependence of ALD Coating on Initial Channel Diameter
To test the independence of the ALD process from the size of the nanochannels, 10 templates with chan-
nel diameters between ∼18 and ∼55 nm were prepared by applying different etching times between 40
and 130 s, respectively. One quarter of each sample was used as reference for the initial diameter and
thus stayed uncoated. All other sample sections were coated by applying 125, 28, or 30 ALD cycles for
a nominal ∼5 nm thick TiO2, SiO2, or Al2O3 layer, respectively. TiO2 and Al2O3 coatings of this series
were performed at Universität Hamburg (group of Prof. Dr. K. Nielsch). SiO2 layers were deposited
in the group of Prof. Dr. C. Hess at TU Darmstadt. For all oxides, Figure 7.1.1 depicts representative
STEM-in-SEM images of sections of the released nanotubes for 4 different initial diameters. All transmis-
sion images show the same wall thickness, which was measured at different positions along the tube for
10-15 tubes per sample. This wall thickness is in excellent agreement with the film thickness deposited
on the reference Si-wafer. The corresponding mean values of the layer thickness are given in Table 7.1.1.
The rather large uncertainties of the STEM-in-SEM data are caused by the error (standard deviation)
propagation for the subtraction of the inner diameter from the outer diameter to obtain the double wall
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thickness. However, this method was more precise than measuring the wall thickness directly, especially
for the ∼5 nm thin walls.
Figure 7.1.1.: STEM-in-SEM images of representative single cylindrical nanotubes exhibiting a nominal
5 nm thick wall of TiO2 (a), SiO2 (b), and Al2O3 (c) for initial channel diameters of ∼18
nm, ∼31 nm, ∼42 nm, and ∼55 nm. The scale bar shown in (c) is valid for all presented
STEM-in-SEM images.
Table 7.1.1.: Thickness of ALD layers in nanochannels with various inital diameters deduced from STEM-
in-SEM and SAXS after a deposition resulting in a nominal 5 nm thick coating.
Initial diameter
(nm)
Layer thickness (nm)
TiO2 SiO2 Al2O3
STEM SAXS STEM SAXS STEM SAXS
18 4± 1 2.9± 0.2 4± 1 4.1± 0.1 5± 1 4.1± 0.3
31 6± 3 3.9± 0.2 5± 1 5.8± 0.1 6± 2 3.4± 0.2
42 4± 7 3.6± 0.2 5± 2 5.2± 0.1 6± 2 4.0± 0.5
55 6± 4 5.3± 0.1 5± 2 5.9± 0.2 6± 4 4.9± 0.2
The same samples were analyzed by SAXS. This method provides a mean of about 106 nanochannels.
The outer and inner diameter have to be deduced from modeling the scattering pattern. The narrow
streak of the scattered intensity is displayed in Figure 7.1.2 for the sample section etched 90 s and
coated with 125 ALD cycles of TiO2.
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Figure 7.1.2.: Scattering pattern obtained by SAXS under a tilting angle of 20° for the sample etched 90
s and coated with nominal 5 nm TiO2.
Figure 7.1.3a shows the resulting scattered intensity, I(q), as function of the scattering vector q and the
corresponding fit. Additionally, the scattered intensity before ALD is shown in the same graph and alike
measurements for SiO2 and Al2O3 are displayed in Figure 7.1.3b and c, respectively. For all uncoated
samples, the oscillations of the scattered intensity as well as the excellent fit to it evidence cylindrical
shaped and well aligned etched ion-tracks with a size distribution< 3% as described earlier by Cornelius
et al. and Engel et al. [176, 181]. After ALD coating, the typical intensity oscillations are preserved but
shifted to larger values of q as expected for smaller channel diameters (indicated by the arrows). The
model of a cylindrical channel in polycarbonate with an additional wall of constant electron density
describes these scattered intensities well demonstrating highly conformal ALD processes along the entire
channel length. The polydispersity of the cylinder diameter is constant around 10% and is not affected
by the coating.
Figure 7.1.3.: SAXS intensity oscillations deduced from the scattering patterns before and after ∼ 5 nm
ALD of 90 s etched membranes. Black solid lines are fits according to the core-shell model
of Engel et al. [176].
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Figure 7.1.4 summarizes the diameter before and after ALD obtained by STEM and SAXS, whereas the
corresponding layer thicknesses are displayed in Table 7.1.1. The uncertainty of the SAXS analysis is
smaller than the data symbols. The initial channel diameter deduced from SAXS increases linearly with
increasing etching time as already reported by Kuttich et al. [177]. The corresponding radial etching
rate of ∼ 23.9± 0.5 nmmin was deduced from the slope of the data for the uncoated sample sections shown
in Figure 7.1.4. In the case of TiO2-coated samples, the diameters deduced from SAXS are in excellent
agreement with the reduced diameters expected from the nominal ALD layer thickness. STEM-in-SEM
analysis is in good agreement except of the sample etched for 130 s. For SiO2 depositions, SAXS in-
vestigations lead to diameters that coincide with the expected ones, only in a few cases slightly smaller
diameters are obtained. STEM-in-SEM yields the same diameter as SAXS for 40 s etching but for longer
etching times the diameters are smaller. The SAXS analysis of Al2O3-coated samples reveals inner di-
ameters that coincide with the expected ones for the samples etched 40 s as well as 70 s and longer.
However after 50 and 60 s etching time, the SAXS data deviate after coating possibly indicating that
the ALD process is not homogeneous for the small initial diameters. However, the diameters of the 40
s etched sample deduced from both characterization methods after coating are in agreement with the
nominal coating thickness. Furthermore, the diameters obtained by STEM-in-SEM for the 50 and 60 s
etched samples coincide with the expected diameter reduction. For longer etched samples, STEM-in-
SEM analysis reveals diameters smaller than induced by the nominal coating thickness. For 50 and 60
s etching time, the origin of the deviations of the SAXS data is not known, but may be related to an
inhomogeneous coating of the nanochannels over a large sample area. The fact that STEM-in-SEM ob-
tains slightly smaller diameters after ALD than SAXS for samples with larger initial diameters may be
caused by the uncertainty in the determination of inner diameters of these tubes due to less contrast in
the STEM-in-SEM images (Section 7.5).
Figure 7.1.4.: Channel diameter before and after ALD coating as a function of etching time analyzed by
SAXS and STEM-in-SEM. (a) TiO2 coated, (b) SiO2 coated, (c) Al2O3 coated. The uncertain-
ties of the SAXS analysis are smaller than the data symbols (∼0.2 nm). Linear fits to the
diameters deduced from SAXS are shown as solid lines, dashed lines are guides to the eye
to diameters of coated channels for a nominal ALD layer thickness of 5 nm.
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Overall, the analyses by SAXS and STEM-in-SEM coincide well. Furthermore, the resulting channel di-
ameters are in agreement with the nominal ALD-deposited thickness indicating the suitability of the
chosen pulse-, exposure-, and purge times of the low-temperature ALD processes for the reaction of the
gaseous precursors at the whole surface area of various high aspect-ratio nanochannels. These results
clearly demonstrate the independence of the layer thickness from the initial channel diameter down to
an outer diameter of ∼18 nm. This leads to an inner diameter smaller than 10 nm over the entire 30-µm
tube length resulting in an aspect ratio inside the tubes of more than 3000 for all three deposited oxides.
7.2 ALD Coating as Function of Number of ALD Cycles
The ideal ALD process is characterized by a layer-by-layer growth and results in a constant growth rate,
which means the coating thickness increases linearly with the number of ALD cycles. To determine the
growth mode inside the cylindrical nanochannels, series of samples with same initial channel diameter
(∼50 nm) were prepared. Then we deposited nominal 5, 10, 15, 20, and 22 nm thick layers, which
required different numbers of ALD cycles for each of the three materials. The TiO2- and Al2O3-coatings
for this series were performed at Universität Hamburg (group of Prof. Dr. K. Nielsch). An additional
series of Al2O3 samples was synthesized at GSI. SiO2 layers were deposited at TU Darmstadt (group of
Prof. Dr. C. Hess). Figure 7.2.1a,b,c show representative STEM-in-SEM images of sections of the released
TiO2, SiO2, and Al2O3 nanotubes, respectively. The inner diameter decreases with increasing number of
ALD cycles. For quantitative analysis, the outer and inner diameters were measured at various positions
along 10-15 nanotubes of each sample. Both are constant along the entire tube length evidencing a
conformal growth process inside the high aspect-ratio nanochannels even for the largest film thickness.
Mean layer thicknesses determined from the STEM-in-SEM images as well as SAXS analysis are displayed
in Figure 7.2.1d,e,f and Table 7.2.1 as a function of ALD cycles. The error of the wall thickness analysis
by STEM-in-SEM was calculated by error propagation and is represented by the error bars. The thickest
TiO2 layer obtained after 610 ALD cycles (22 nm) could not be analyzed by SAXS due to experimental
limitations. For Al2O3, SAXS data of the samples coated in Hamburg and at GSI are not given, since
fits to the scattered intensity did not converge. This indicates possibly an inhomogeneous coating over
a larger sample area, although the amount of tubes transferred to the TEM-grids and their morphology
was alike for all three oxides, demonstrating conformal coating of a significant amount of channels for
Al2O3, too. The maximum coating thickness resulted in channels exhibiting an inner diameter smaller
than 10 nm corresponding to an aspect ratio larger than 3000 for all three materials. In addition, their
layer thicknesses depend linearly on the number of ALD cycles evidencing layer-by-layer growth. The
growth rate (slope of curve) strongly depends on the deposited material being ∼ 0.03 nm/cycle for TiO2,
∼ 0.15 nm/cycle for SiO2, and ∼ 0.05 nm/cycle for Al2O3 (Hamburg). In the polymeric nanochannels,
the growth rates of TiO2 and SiO2 are slightly smaller compared to the flat Si-wafer, whereas in the case
of Al2O3 it is smaller by almost a factor of three (Sections 3.1, 3.2, 3.3). This may be caused by diffusion
limitations during the ALD process and was avoided by further optimizing exposure and purge times
for the Al2O3 depositions performed at GSI. This resulted in a growth rate of ∼ 0.1 nm/cycle in perfect
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agreement with depositions on flat Si-wafers.
Figure 7.2.1.: STEM-in-SEM images of series of TiO2- (a), SiO2- (b), and Al2O3- (c) nanotubes and the
corresponding wall thicknesses as a function of number of ALD cycles deduced from STEM-
in-SEM images and SAXS (d), (e), (f). For all STEM-in-SEM images, the scale bar shown in (a)
is valid. The layer thicknesses increase linearly with the number of ALD cycles. Dashed and
solid lines are linear fits to STEM-in-SEM and SAXS data, respectively. The error bars show
the standard deviation for the thickness analysis of STEM-in-SEM images. The uncertainties
of the SAXS analysis are with ∼0.2 nm smaller than the data symbols.
Table 7.2.1.: ALD layer thickness in nanochannels with ∼50 nm initial diameter for various number of
ALD cycles corresponding to different nominal coating thicknesses. For 610 cylces of TiO2
(22 nm), experimental limitations prohibit SAXS analysis. Fits to the scattered intensities of
the Al2O3 layers did not converge and thus the SAXS data are not given. For TiO2 and SiO2,
the uncertainties of the SAXS analysis are ∼0.2nm.
Nominal coating
(nm)
Layer thickness (nm)
TiO2 SiO2 Al2O3
STEM SAXS STEM SAXS STEM STEM (GSI)
5 6± 2 4.3 9± 3 5.3 5± 4 5± 2
10 13± 3 7.4 12± 2 10.0 9± 2 10± 2
15 14± 2 10.7 16± 2 14.6 11± 5 15± 3
20 19± 2 16.5 17± 2 17.8 8± 5 20± 2
22 22± 6 n.a. n.a. n.a. 13± 4 22± 2
To overcome the limitations of the laboratory SAXS instrument at TU Darmstadt and study nanochan-
nels with diameters of a few nm, some samples were analyzed at the synchrotron facility in Melbourne,
Australia. For a test sample (∼ 50 nm initial diameter and nominal 10 nm ALD coating with SiO2),
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Figure 7.2.2 shows the scattered intensities I(q) as function of the scattering vector q recorded at the
laboratory and synchrotron SAXS facilities. In both cases, the pronounced SAXS intensity oscillations are
in excellent agreement in the range 0.03≤ q≥ 0.06. At lower q slight differences are observed, whereas
at higher q the scattered intensities differ strongly. The core-shell model described by Kluth et al. [179]
reproduces perfectly the data obtained in the laboratory. For the synchrotron data, the fit differs at low
scattering vectors. However, both fits result in very similar values for the initial diameter, the diameter
after coating, and the ALD layer thickness, which are given in Table 7.2.2. In addition, the obtained
values are in agreement with the fit of the laboratory data according to the model function reported by
Engel et al. [176] and the STEM-in-SEM data of this sample.
Figure 7.2.2.: For one 2 min etched sample coated with a nominal 10 nm thick SiO2 layer, the scattered
intensities deduced from scattering patterns obtained by laboratory and synchrotron SAXS
are compared. Both data sets were fitted by applying the core-shell model described by
Kluth et al. [179].
Table 7.2.2.: Comparison of laboratory and synchrotron SAXS analyis. After 2 min etching and nominal
10 nm SiO2 coating, the sample was analyzed by STEM-in-SEM and SAXS applying a labo-
ratory instrument as well as synchrotron radiation. From the SAXS data, the dimensions of
the cylindrical nanochannels were deduced by applying the core-shell models of Engel et al.
[176] and Kluth et al. [179].
STEM
SAXS
laboratory synchrotron
Engel Kluth Kluth
Initial diameter (nm) 46± 3 48.4± 0.2 46.8± 0.2 46.0± 0.2
Inner diameter (nm) 23± 2 28.4± 0.1 27.4± 0.1 28.6± 0.1
Layer thickness (nm) 12± 2 10.0± 0.1 9.7± 0.1 8.7± 0.1
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The fact that the intensity oscillations occur and the deduced values agree with the ones obtained 18
months earlier before transporting the sample by plane to Australia, demonstrates the robustness and
stability of SiO2-coated nanochannels in ∼30-µm thick polycarbonate membranes. Series of nanochan-
nels with an initial diameter of ∼25 nm (60 s etching) and 7, 8.5, 9.5, and 10.5 nm coating thicknesses
of SiO2, TiO2, and Al2O3 layers were analyzed. Figure 7.2.3 displays the scattered intensity for the un-
coated reference membrane as well as for the SiO2-coated membranes. The pronounced oscillations and
the excellent fits to it demonstrate cylindrically shaped, parallel aligned nanochannels with a narrow size
distribution before and after ALD coating of various thicknesses. The intensity oscillations are shifted to
larger values of q for thicker coatings up to a nominal thickness of 9.5 nm as expected for smaller chan-
nel diameters. These observations reveal a highly conformal ALD process along the entire nanochannel
length for deposited thicknesses up to 9.5 nm. For all deposited thicknesses, the layer thickness deduced
from the scattered intensities is smaller than the nominal one especially for the thickest nominal coating
as presented in Table 7.2.3. Limited diffusion of the precursor molecules inside the high aspect ratio
nanochannels might cause this effect and could probably be avoided by further increasing the exposure
and purge times of the ALD process for the coating of very small nanochannels. However, this SAXS-
analysis confirms the sucessful surface modification of etched ion-track polycarbonate membranes by
SiO2-ALD to synthesize nanochannels with diameters below 10 nm.
Figure 7.2.3.: Scattered intensities of membranes with a diameter of∼25 nm after etching without coat-
ing and with different thicknesses of the deposited SiO2 layers recorded by SAXS applying
synchrotron radiation. The arrows indicate the shift of the intensity oscillations to larger
values of q for smaller channel diameters. For each sample, the solid black line is the corre-
sponding fit according to the the core-shell model by Kluth et al. [179].
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Table 7.2.3.: Dimensions of nanochannels with initial diameter ∼25 nm and various nominal thicknesses
of the deposited SiO2 layers deduced from SAXS analysis with synchrotron radiation utilizing
the core-shell model reported by Kluth et al. [179]. The corresponding intensity oscillations
are depicted in Figure 7.2.3.
Nominal coating (nm) Layer thickness (nm) Outer diameter (nm) Inner diameter (nm)
7 5.7± 0.1 26± 0.1 14.6± 0.1
8.5 6.8± 0.1 25.8± 0.1 12.2± 0.1
9.5 8.7± 0.2 25.4± 0.2 8.0± 0.1
10.5 8.5± 0.1 24.2± 0.1 7.2± 0.04
For alike prepared nanochannels coated with various layer thicknesses of TiO2 and Al2O3, the scat-
tered intensities recorded by applying synchrotron SAXS are shown in Figure 7.2.4a and b, respec-
tively. Intensity oscillations occur for both oxides. However, no reasonable fit could be obtained by
the core-shell model described by Kluth et al. [179]. These fits resulted in positive electron density
contrast, which is not expected for the electron densities deduced from the laboratory SAXS analysis
of TiO2 (∼ 800− 1000 enm3 ) and Al2O3 (∼ 1166 enm3 ), which are higher than the one of polycarbonate
(∼ 381 enm3 ). Replacing the Gaussian distribution of the outer diameter with a Schulz-Zimm distribution
as performed by Engel et al. [176] lead to a negative electron density contrast and improved the fits,
which are displayed in Figure 7.2.4. However, the fit quality is still not satisfactory and thus no size
values are given. For the TiO2 depositions, the reason for these difficulties in fitting of the samples
with similar expected inner diameters as the ones presented in Figure 7.2.1d is not understood so far.
The results for the Al2O3-coated samples are promising, since membranes exhibiting various coating
thicknesses (Figure 7.2.1f) or small diameters (Figure 7.1.4c) did not enable converging fits of the data
obtained by laboratory SAXS.
Furthermore, the synthesis of nanochannels with diameters of a few nm over a length of ∼30 µm is chal-
lenging, since the dimensions of the precursor molecules are only one order of magnitude smaller than
the channel diameters hindering an efficient diffusion process. The obtained result that SiO2 depositions
reduce the channels more reliable than TiO2 and Al2O3 coatings might be caused by the small dimen-
sions of the applied precursor (SiCl4) and catalyst (C5H5N) compared to the Al2O3 precursor (Al (CH3)3)
and the TiO2 precursor (Ti(OCH (CH3)2)4). N. Sobel reported the reduction of nanochannels in meso-
porous silica (SBA-15) down to a diameter of 4.8 nm by repeating several times the first half-cycle of
the SiO2 deposition before performing the other half-cycle in the same way [182]. This approach or the
utilization of other precursor molecules, e.g. TiCl4 for TiO2 deposition, may enable homogeneous and
conformal coating of very small nanochannels by avoiding diffusion limits.
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Figure 7.2.4.: Scattered intensities of membranes with an initial diameter of ∼25 nm that are coated
with various layer thicknesses of TiO2 (a) and Al2O3 (b) by ALD. All data were recorded by
SAXS utilizing synchrotron radiation. Solid black lines are the corresponding fits according
to the core-shell model by Kluth et al. [179]. For the ALD-coated samples, a Schulz-Zimm
distribution was applied for fitting the total diameter [176].
7.3 Composition of ALD Coatings Analyzed by EDX and XPS
Additionally to the morphology, well controlled tailoring of nanochannels by surface modification in-
cludes a pure composition of the coating. Thus, the ALD layers were studied by EDX of the released
nanotubes. To obtain significant signal, EDX analysis was performed on nanotubes exhibiting walls of
∼ 20 nm (outer diameter ∼50 nm). Figure 7.3.1 displays integrated EDX spectra of linescans recorded
across a single TiO2 (green), SiO2 (blue), and Al2O3 (red) nanotube lying on a TEM-grid. The spectra
contain the respective peaks of titanium, silicon, and aluminum as well as oxygen. Copper and carbon
signals are ascribed to contributions of the sample holder, since their height varies depending on the
position of the studied nanotube relative to the supporting structures of the TEM-grid. For none of the
three materials, nitrogen and chlorine peaks were measured demonstrating pure deposition and prepa-
ration processes.
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Figure 7.3.1.: Integrated EDX spectra of linescans measured across a single TiO2 (green), SiO2 (blue),
and Al2O3 (red) nanotube exhibiting ∼ 20 nm wall thickness and ∼50 nm outer diameter.
Copper and carbon peaks are attributed to contributions of the Cu-lacey TEM-grid. The
spectra are shifted vertically for better visibility.
Since thermal drift of the nanotubes in the SEM precluded acquisition times longer than seven minutes,
the count rates are only suitable for a qualitative analysis, even for the analyzed nanotubes with walls of
∼ 20 nm. To quantify the composition of the ALD layers at the membrane surface, XPS was applied.
Figure 7.3.2 shows detailed spectra of the Ti 2p, Si 2p, and Al 2p peak as well as the corresponding O 1s
signal for nominal 10 nm thick ALD layers. The spectra in Figure 7.3.2a demonstrate the growth of TiO2,
since the Ti4+ species dominate the contributions of Ti3+ (0.3at%). This result was found for the 5 nm
thick layer, too (0.1at% of the Ti3+ peak). For fitting Ti2p3/2 and Ti2p1/2 duplets, spin-orbit coupling
was considered by a 2:1 ratio of the peak areas and ∆xc = 5.65eV binding energy difference resulting
in a constant peak width (full width at half maximum - FWHM) for both coating thicknesses. In both
cases, the binding energy of the Ti3+ peaks is shifted by -1.3 eV with respect to the Ti4+ peaks in agree-
ment with literature [183]. O 1s features are assigned to Ti-O-Ti species at ∆xc = 530− 529.9eV and
Ti-OH species at ∆xc = 531.6− 531.5eV [184]. Carbon at a binding energy of 284.5 eV was detected
as main impurity, which is ascribed to ubiquitous carbon (∼ 20at%) and a small amount of carbonate
(∼ 0.1at%). Additionally, a small amount of nitrogen was identified as impurity which may be caused
by nitrogen purging during the deposition process.
The spectra of the SiO2 layer are displayed in Figure 7.3.2b. The Si 2p peak from Si
4+ species is located
at a binding energy of 103.3 eV, which coincides with the binding energy difference (O 1s - Si 2p) of
∆xc = 429.4eV of a native SiO2-film on a Si-wafer [185]. Furthermore, the corresponding FWHM ratio
is in agreement with the results of Himpsel et al. [185]. XPS of SiO2 was performed under normal beam
incidence leading to X-rays penetrating deeper into the sample and yielding a signal from the polycar-
bonate membrane beneath the SiO2 layer. For the 5 nm thick coating, O 1s and C 1s peaks are therefore
ascribed to contributions from the polymer template. Since there are no indications for chemical bonds
between the polycarbonate substrate and the SiO2 layer, Sobel et al. [99] assume a sub-surface cluster
growth, which is described by Wilson et al. [186].
In Figure 7.3.2c the spectra of Al2O3 consist of an Al 2p peak at 74.1 eV, which results in a binding
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energy difference of ∆xc ∼ 457eV and thus is in agreement with literature [187]. The FWHM ratio of
the fitted peaks was set constant for the analysis of Al2O3. Carbon was detected as only impurity. Its
amount decreased for the thicker layer (∼ 10at% ubiquitous at 284.5 eV binding energy and ∼ 1at%
carbonate at ∼ 288.5eV).
In total, XPS confirmed very pure coatings of TiO2, SiO2, and Al2O3 on the polymer templates. The
absence of a polycarbonate signal within the ALD layers evidences a homogeneous high-quality coating.
Quantitative information about the surface composition is displayed in Table 7.3.1 for a pristine poly-
carbonate membrane as well as nominal 5 and 10 nm thick TiO2, SiO2, and Al2O3 layers. Since XPS
enabled the calculation of the ratio between the respective O 1s to Ti2p3/2, Si 2p, and Al 2p peaks, we
can conclude that almost stoichiometric bulk compositions are obtained for thicker ALD-films.
Figure 7.3.2.: Detailed XPS spectra of TiO2 (a), SiO2 (b), and Al2O3 (c) layers with a nominal thickness of
10 nm recorded at the ALD-coated membrane surfaces. Vertical dashed lines indicate the
corresponding binding energies.
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Table 7.3.1.: Surface composition (in at%) of pristine polycarbonate as well as nominal 5 and 10 nm thick
TiO2, SiO2, and Al2O3 ALD layers obtained by XPS. [M] denotes the respective element Ti,
Si, or Al.
aIncluding ubiquitous carbon and carbonate species.
bIncluding Ti4+ and Ti3+ species.
cValues taken from Sobel et al [99].
Material Thickness [nm] C 1sa O 1s Ti2pb3/2 Ti-OH Si 2p Al 2p Ratio O/[M]
Polycarbonate - 83c 17c - - - - -
TiO2 5.4 19 49 20 12 - - 2.45
TiO2 10.9 21 45 20 14 - - 2.25
SiO2 5.3 22
c 56c - - 22c - 2.45
SiO2 10.0 12
c 60c - - 28c - 2.14
Al2O3 4.8 13 58 - - - 30 1.93
Al2O3 9.6 10 59 - - - 32 1.84
7.4 Mechanical Stability
During SEM analysis of nanotubes released from the polymer template, many SiO2 tubes were bent
independent from the inner and outer diameter as representatively shown in Figure 7.4.1a and b (marked
by orange arrows) for an outer diameter of∼50 nm, and∼10 and∼15 nm thick walls, respectively. Many
of the nanotubes have a length of ∼30 µm, which coincides with the thickness of the template used (a).
Even on the lacey carbon film of the TEM-grid long undamaged sections of the SiO2 nanotubes are
found (inset of b). In contrast, TiO2- and Al2O3- nanotubes of the same diameter and wall thickness are
noticeably shorter and always straight (c, TiO2 and d, Al2O3). Obviously, TiO2 and Al2O3 nanotubes are
more brittle and break readily, whereas SiO2 tubes remain complete due to their high flexibility. This is
an interesting result, since the fracture toughness of bulk [188] and thin film SiO2 [189] is about four
times less compared to the one of TiO2 [190] and Al2O3 [191].
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Figure 7.4.1.: Mechanical stability of cylindrical nanotubes. SiO2 tubes with a wall thickness of ∼10 nm
(a) and ∼15 nm (b) are highly flexible (examples are marked by orange arrows). SiO2
nanotubes of full length (∼ 30 µ) are found regularly (a and inset of b). In contrast, TiO2
(c) and Al2O3 (d) tubes with a wall thickness of ∼15 nm are much more brittle and easily
break evidenced by the many short tube sections.
7.5 Geometry of Tube Walls in STEM-in-SEM Images
To determine the wall thickness of the nanotubes in STEM-in-SEM images, two different methods were
tested. One was the measurement of the outer (Do) and inner diameter (Di) applying a measuring tool
integrated in the SEM software directly at the as recorded image and subsequent calculation of the wall
thickness (T) according to:
T =
Do − Di
2
(7.1)
Do and Di were determined for 10 to 15 nanotubes of each sample at various positions of each tube in
order to determine a mean value and the corresponding standard deviation for each sample.
The second method was based on the fundamental question, which geometrical information can be ob-
tained during the imaging process with the SEM operated in transmission mode. A three dimensional
structure is visualized in a two dimensional image according to the amount of material, that the elec-
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tron beam passes, which is shown schematically in Figure 7.5.1a. Thus, parts with more material (i.e.
thicker) appear darker. To quantify the material thickness t(x) at each point of the nanotube, a coor-
dinate system was introduced with the point of origin located in the center of the tube as displayed in
Figure 7.5.1b. Since the cylindrical nanotubes are rotationally symmetric, only the first quadrant was
taken into account for the first step of the geometric description of the passed material thickness. To
calculate the value of the outer diameter with respect to the coordinate system (do) at each position x
of the first quadrant, a cosine with a period of 4 times the outer radius Ro and an amplitude of Ro was
applied via:
do(x) = Ro cos

2pi
4Ro
x

(7.2)
where 0≤ x ≤ Ro. The inner diameter in the first quadrant (di) was described alike by:
di(x) = Ri cos

2pi
4Ri
x

(7.3)
with the inner radius Ri and 0 ≤ x ≤ Ri. To calculate the material thickness in the first quadrant, di has
to be subtracted from do on condition that di = 0 for Ri < x ≤ Ro.
For the calculation of the material thickness passed in total, the first and fourth quadrant have to be
taken into account. Due to the rotational symmetry of the tubes, the material thickness determined for
the first quadrant was doubled. Thus, the material thickness was calculated in total via:
t(x) = 2×

Ro cos

2pi
4Ro
x

−Ri cos

2pi
4Ri
x

(7.4)
on the condition that 0 ≤ x ≤ Ro as well as di = 0 for Ri < x ≤ Ro. In addition, the resulting graphs
were mirrored at the y-axis to present the material thickness of an entire nanotube in the graphs.
Figure 7.5.1.: Material thickness passed by the electron beam in STEM-in-SEM. (a) Scheme of the ex-
perimental setup in STEM-in-SEM. (b) Introduction of a coordinate system to calculate the
passed material thickness. (c) Representative STEM-in-SEM image including marks for a
linescan (orange line), polymer residues (orange arrow), and the carbon film of the TEM-
grid (yellow arrow).
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The material thickness distribution of a nanotube, which is passed by the electron beam, was calculated
for the sample series exhibiting various initial diameters (Figure 7.5.2a, Section 7.1) and different coat-
ing thicknesses (Figure 7.5.2b, Section 7.2) taking the initial diameter deduced from the SAXS data as
starting point. In both cases, the material thickness exhibits a maximum at the position x = Ri and
a minimum (being twice the coating thickness) at the center of the tube (x = 0). Furthermore, there
are no contributions from di at Ri < x ≤ Ro resulting in graphs exhibiting the same slope for various
initial diameter and graphs laying on top of each other for different layer thicknesses in that regime. In
the regime, where di contributes, the graphs show different behavior for all samples. Comparing the
behavior of these graphs in the regime, where di contributes, reveals a steeper slope for smaller initial
diameters indicating a better contrast in the STEM-in-SEM images of such tubes and thus a more accu-
rate determination of the inner tube diameter. For various initial diameters and an ALD layer thickness
of 5 nm, i.e. an inner diameter constantly 5 nm smaller than the initial one, the difference between
the maximum and the minimum material thickness is varying by ∼2 nm. This value differs more (∼5
nm) for various coating thicknesses. In this case, as expected the maximum material thickness is located
nearer to the center of the tube the thicker the coating layer is.
Figure 7.5.2.: Comparison of calculated and experimental data concerning the material thickness passed
by the electron beam in STEM-in-SEM. Calculated material thickness for various initial diam-
eter and a nominal coating of 5 nm (a) as well as an initial diameter of 50 nm and different
layer thicknesses (b). (c) and (d) show the respective grey values deduced from linescans
taken across single nanotubes in STEM-in-SEM images. The centers of the linescans were
shifted to a grey value of -80 for the different initial diameters and to various grey values
for the various coating thicknesses.
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To compare these calculated results with STEM-in-SEM images, linescans across single nanotubes were
taken from as recorded images of the SiO2 samples (e.g. orange line in 7.5.1c). The intensities of the
absorption observed in STEM-in-SEM images is shown as grey values in Figure 7.5.2c and d for different
initial diameters and various coating thicknesses, respectively. Since the linescans of a given tube at
different positions and of different tubes of a given sample were alike, one representative linescan is
displayed for each sample. To facilitate the comparison between calculated data and recorded linescans,
the center of the linescans were shifted to a grey value of -80 for the different initial diameters and
to various grey values for the various coating thicknesses. The general features such as position of the
maximum and minimum material thickness as well as the shape of the experimental graphs is similar
to the calculated ones in both cases. Differences in grey values could not be transformed to differences
in material thickness due to different contrast and brightness settings of the SEM to image each sample
best. Nevertheless, initial and inner diameter were deduced from the linescans as exemplary marked
in Figure 7.5.2c to calculate the wall thickness. The initial diameter was measured at the positions
were the material thickness starts to increase (black crosses). The distance between the positions of
maximum material thickness was taken as inner diameter (black circles), since the calculations showed
that the maxima are found where x = Ri. The values for initial (Do) and inner diameter (Di) as well
as wall thickness (T) calculated, measured directly at the STEM-in-SEM images (according to equation
7.1), and deduced from the linescans are given in Table 7.5.1. For both series, the values obtained
from the as recorded STEM-in-SEM images are in agreement with the ones calculated by considering
the imaging process of the geometric dimensions of a tube. Since the SAXS-data shown in Section 7.1
and 7.2 coincide with the STEM-in-SEM data, they are in agreement with the calculated values, too.
However, the analysis of the linescans lead only for the different layer thicknesses to coincident wall
thicknesses. In the case of various initial diameter, the wall thicknesses deduced from the linescans are
too big due to the determination of too large initial diameters. The STEM-in-SEM images reveal more
polycarbonate residues attached to the outer surface of the tubes the smaller the tubes initial diameter
is as marked by an orange arrow representatively in Figure 7.5.1c. This polymer layer can be identified
by eye when measuring the initial diameter at the as recorded STEM-in-SEM image, whereas it does
not appear in the linescans. Since further cleaning steps, i.e. rinsing with DCM, did not lead to less
polymer residues attached to the outer surface, a precise determination of the initial diameter and thus
the layer thickness applying linescans is not possible for samples exhibiting outer diameters less than
∼50 nm. Therefore, the morphology of all samples was characterized directly at the as recorded STEM-
in-SEM images according to the method described first at the beginning of this section. Furthermore, the
analysis of the imaging process confirms the suitability of this method to determine the deposited layer
thickness, which is additionally in agreement with the results obtained by SAXS. Moreover, the tubular
shape of the synthesized nanostructures is impressively confirmed by the alike shapes of experimental
and calculated graphs.
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Table 7.5.1.: Comparison of three different methods to obtain the deposited wall thickness: (1) Calcu-
lation according to equation 7.4 with the initial diameter deduced from the SAXS data as
starting point. (2) By a measuring tool included in the SEM software directly at the STEM-
in-SEM (STEM) images applying equation 7.1. (3) Taking a linescan of the grey values in an
STEM-in-SEM image followed by measuring the distances between the starts of the increase
of the graph (black crosses in Figure 7.5.2c) and maxima (black circles in Figure 7.5.2c) to
obtain initial and inner diameter, respectively.
Various initial diameter
Initial diameter Do (nm) Inner diameter Di (nm) Wall thickness T (nm)
SAXS (calc.) STEM Linescan calc. STEM Linescan calc. STEM Linescan
18.2 18± 2 36± 3 8.2 9± 2 11± 2 5 4± 1 13± 2
31.4 25± 2 39± 4 21.4 17± 2 15± 3 5 5± 1 12± 3
42.2 36± 3 45± 2 32.2 27± 2 29± 4 5 5± 2 8± 2
54.6 56± 3 58± 2 44.6 45± 3 40± 3 5 5± 2 9± 2
Various wall thicknesses
Initial diameter Do (nm) Inner diameter Di (nm) Wall thickness T (nm)
SAXS (calc.) STEM Linescan calc. STEM Linescan calc. STEM Linescan
50.0 50± 5 50± 2 40.0 31± 4 35± 3 5 9± 3 8± 2
48.4 46± 4 53± 3 28.4 23± 2 28± 4 10 12± 2 13± 3
49.2 48± 3 55± 5 19.2 16± 3 23± 4 15 16± 2 16± 3
48.1 44± 4 46± 3 8.1 11± 1 12± 4 20 17± 2 17± 3
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8 Conical Nanotubes
The optimized parameters for the TiO2, SiO2, and Al2O3 ALD processes obtained during the synthesis
of cylindrical nanotubes were subsequently applied for the fabrication of nanostructures with other ge-
ometries. This chapter presents the synthesis and characterization of ALD-coated conical nanochannels.
Similar to the cylindrical nanostructures, we studied the deposited layer thickness as function of number
of ALD cycles (Section 8.1) and the composition of the walls (Section 8.2). The fabrication of free-
standing tubular nanocones forming arrays and their mechanical stability are discussed in Section 8.3
and Section 8.4, respectively. Furthermore, the coating of single-channel membranes was investigated
by the synthesis of single free-standing conical nanotubes (Section 8.5). This enabled us to compare the
morphology of single tubular nanocones and nanocone arrays (Section 8.6).
To avoid overlapping of nanochannels caused by large base diameters in the µm range, membranes with
a fluence of ∼ 106 ionscm2 were applied for conical etched ion-tracks. TiO2 and Al2O3 coatings were per-
formed using the ALD equipment of GSI. SiO2 layers were deposited in the group of Prof. Dr. C. Hess at
TU Darmstadt.
8.1 ALD Coating as Function of Number of ALD Cycles
To investigate the ALD processes in the case of conical nanochannels, series of etched ion-track mem-
branes with conical channels were coated with nominal∼10 nm, ∼15 nm, and∼20 nm thick ALD-layers.
Figure 8.1.1 presents STEM-in-SEM images of released TiO2, SiO2, and Al2O3 conical nanotubes after
nominal ∼15 nm coating. For all three oxides, the representative nanocones demonstrate a shape con-
form ALD process along the entire ∼30 µm length of the etched ion-tracks. In particular, the nanotubes
reveal a precise conical shape with smooth outer and inner surface. The smooth outer surface replicates
the smooth inner surface of etched ion-track nanochannels in polycarbonate in contrast to the rougher
surface of Al2O3-coated nanochannels in PET described in [43]. As for cylindrical channels, the smooth
inner surfaces of the nanotubes evidence conformal and homogeneous ALD processes. These deposi-
tion characteristics are confirmed by the high magnification images in (Figure 8.1.1b), which reveal a
constant wall thickness of ∼16 nm along the complete SiO2 nanocone in agreement with the nominal
deposited thickness.
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Figure 8.1.1.: STEM-in-SEM images of ∼ 30-µm long conical TiO2 (a), SiO2 (b), and Al2O3 (c) nanotubes
exhibiting ∼15 nm thick walls. The scalebar shown in (a) is valid for (a-c). High magnifica-
tion images marked in (b) evidence a homogeneous wall thickness along the entire length
of the nanotube.
To analyze the layer growth quantitatively, the wall thickness was measured directly in the SEM images
at various positions along ∼10 nanotubes per sample and the obtained mean values are given in Table
8.1.1. Additionally, the graphs presented in Figure 8.1.2 contain the resulting data demonstrating linear
dependencies of the deposited thickness on the number of ALD cycles for the three oxides. Linear fits
to the data lead to growth rates of ∼0.008 nm/cycle for TiO2, ∼0.22 nm/cycle for SiO2, and ∼0.09
nm/cycle for Al2O3. Thus, the growth rate of TiO2 in the conical nanochannels coincides well with
coatings of reference Si-wafers (Section 3.1) and reference membranes for single channel investigations
(Section 11.2.1). Compared to layers deposited at Universität Hamburg including the ones in cylindrical
channels discussed in Section 7.2, the growth rate is a factor of 3 lower possibly due to the applied
process temperature at GSI between 100 and 150 °C, where an insufficient reactivity of the water vapor
with the adsorbed titanium precursor hinders the film growth [129]. For SiO2, the growth rate in the
conical nanochannels is in good agreement with depositions performed on Si-wafers (Section 3.2) and
coincides with coatings of cylindrical nanochannels (Section 7.2) evidencing conformal layer-by-layer
growth independent from the template geometry. The Al2O3 coating in conical nanochannels exhibits
a growth rate, which is in agreement with depositions performed on Si-wafers at GSI and Universität
Hamburg (Section 3.3) and coatings of cylindrical nanochannels at GSI (Section 7.2).
In total, the conformal coating of high aspect ratio nanochannels independent from the channel geometry
by layer-by-layer growth emphasizes the advantages of ALD compared to other surface modification
techniques in nanochannels (electroless, chemical), which result in irregular or rough inner walls.
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Figure 8.1.2.: Wall thickness of conical nanotubes as a function of number of ALD cycles. For all three
ALD processes, the mean value of the deposited layer thickness depends linearly on the
number of ALD cycles inside the conical nanochannels. Error bars represent the standard
deviation obtained for three different positions of ∼10 nanotubes.
Table 8.1.1.: ALD layer thickness of conical nanotubes for various number of ALD cycles corresponding
to different nominal coating thicknesses.
a During the deposition of 10 nm SiO2, the pyridine reservoir was empty at a nominal coating
thickness of 7 nm and thus the ALD process had to be stopped.
Nominal coating
(nm)
Layer thickness (nm)
TiO2 SiO2 Al2O3
10 11± 1 (7± 1)a 11± 2
15 15± 2 16± 2 15± 1
20 21± 3 23± 2 21± 2
8.2 Composition of the Wall of Conical Nanotubes
To ensure a well defined surface tailoring of the conical nanochannels, the chemical composition of the
tubular nanocones was investigated by using EDX. To obtain significant count rates, conical nanotubes
with ∼20 nm thick walls were transferred onto TEM-grids. For TiO2 (green), SiO2 (blue), and Al2O3
(red) nanocones the recorded multipoint spectra displayed in Figure 8.2.1a contain the respective peaks
of titanium, silicon, and aluminum as well as oxygen. Copper and carbon peaks were ascribed to contri-
butions from the Cu-lacey TEM-grid leading to various heights of these signals depending on the position
of the nanocones relative to the supporting structures of the sample holder. The absence of contamina-
tion in the nanocones evidences the deposition of pure TiO2, SiO2, and Al2O3 layers inside the conical
polycarbonate nanochannels by ALD. Figure 8.2.1b shows the aluminum and oxygen signal of an EDX
linescan recorded across a representative Al2O3 nanocone marked as orange line in the STEM-in-SEM
image presented in the inset. Higher amounts of counts at the position of the tube walls and nearly
constant numbers of counts between the walls are a further proof of the tubular shape of the nanocones.
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To quantify the precise thickness of the walls, the resolution of the applied EDX was not sufficient.
Figure 8.2.1.: (a) Multipoint EDX spectra of TiO2 (green), SiO2 (blue), and Al2O3 (red) tubular nanocones
exhibiting ∼20 nm thick walls. Copper and carbon peaks are attributed to contributions of
the applied Cu-lacey TEM-grid. (b) EDX linescan recorded across an Al2O3 nanocone. The
inset shows the corresponding STEM-in-SEM image (dark field) with the position of the
linescan marked in orange. Aluminum and oxygen signal represent the tubular shape of
the cone.
8.3 Free-Standing Conical Nanotubes
To investigate the homogeneity of the ALD process over the whole sample area, the ALD-coated multi-
channel membranes were mechanically stabilized by fixing them onto a metallic layer on one side of the
membrane and subsequent dissolution of the polymeric templates (Section 5.3). Figure 8.3.1 depicts
representative SEM images recorded under an angle of 20° for samples ALD-coated with ∼20 nm TiO2
(a), Al2O3 (b), and SiO2 (c). The wall thickness was determined at tubes released from reference sam-
ples, which were coated simultaneously and analyzed by STEM-in-SEM. For all three materials, an array
of free-standing nanocones is observed over the whole sample area. The higher magnification images
shown in Figure 8.3.1d,e,f further prove the shape conform ALD process inside the conical nanochannels
and enable the determination of the base diameter at the very end of the nanocone as representatively
marked in d. For all analyzed nanocones, the Au and Cu ring formed at the base by the Au sputtercoating
and Cu electrodeposition during sample preparation is visible (indicated with an orange circle in Figure
8.3.1e) validating the tubular shape of the nanocones. In addition, nearly no Au and Cu rings without
surrounding tubular nanocone were observed demonstrating the ALD-coating of all nanochannels and
the high mechanical stability of the nanotubes.
For all three oxides, arrays of ∼30-µm high free-standing conical nanotubes were successfully synthe-
sized homogeneously in areas of a few cm2.
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Figure 8.3.1.: SEM images of arrays of free-standing TiO2 (a,d), Al2O3 (b,f), and SiO2 (c,e) nanocones
with ∼20 nm thick walls recorded under an angle of 20°. (d,e,f) At high magnification,
sputtered Au and electrodeposited Cu are visible inside the tubular nanocones (marked
with an orange circle in e). The corresponding scale bar is shown in e.
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8.4 Mechanical Stability of Free-Standing Conical Nanotubes
The successful preparation and visualization of free-standing conical nanotube arrays enabled the inves-
tigation of the mechanical stability of the cones depending on wall material and thickness. Figure 8.4.1
shows representative SEM images of TiO2 (a-c), SiO2 (d-f), and Al2O3 (g-i) free-standing nanocones
exhibiting wall thicknesses of ∼20 nm (1st column), ∼15 nm (2nd column), and ∼10 nm (3rd column)
thickness. SEM imaging was performed under an angle of 20° , whereas STEM-in-SEM was applied to
determine the wall thicknesses by analyzing tubes released from reference samples, which were coated
simultaneously. After the whole preparation process all free-standing nanocones with ∼20 nm thick
walls are stable (a,d,g). Figure 8.4.1b,e,h reveal that many SiO2 and some Al2O3 nanocones consisting
of thinner walls, namely ∼15 nm, are damaged. In the case of ∼10 nm thick walls, the low mechanical
instability is even more pronounced for Al2O3 (c,f,i). Due to emptying the pyridine reservoir during
the deposition of 10 nm SiO2, the ALD process had to be stopped after deposition of ∼7 nm. The re-
sulting tubular nanocones are all damaged (f). These observations indicate that thicker walls increase
the mechanical stability of the conical nanotubes. The fact that nearly no TiO2 cones are damaged for
all studied wall thicknesses (a-c) is remarkable. Even in the case of ∼10 nm wall thickness (c) and
a smaller opening angle of the cones (narrower shape), almost all cones are free-standing. Thus, the
TiO2 tubular nanocones exhibit clearly the highest mechanical stability, whereas the Al2O3 nanocones
are more fragile, and the SiO2 ones are the least stable. During sample preparation the damage of the
nanocones can be caused by mechanical forces during the dissolution of the polycarbonate template in
solution, sample transport, or sputtering. Considering the fracture toughness values for bulk TiO2 (∼3.2
MPa·m1/2 [190]) and Al2O3 (∼5 MPa·m1/2 [191]) as well as thin film (∼0.77 MPa·m1/2 [189]) and bulk
SiO2 (∼0.79 MPa·m1/2 [188]), the highest instability is expected for SiO2 tubes, which is in agreement
with the obtained results. The low stability of the Al2O3 nanocones compared to TiO2 ones can be at-
tributed to the electrical insulating properties of Al2O3. Low conductivity led to electrical charging under
the electron beam of the SEM, which was observed in-situ as bending and finally collapsing Al2O3 and
SiO2 nanocones during imaging.
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Figure 8.4.1.: SEM images of free-standing TiO2 (a-c), SiO2 (d-f), and Al2O3 (g-i) nanocones with∼20 nm
(1st column), ∼15 nm (2nd column), and ∼10 nm (3rd column) thick walls. (c) The TiO2
cones with∼10 nm thick walls exhibit a smaller opening angle. (f) During the deposition of
10 nm SiO2, the pyridine reservoir was empty at a nominal coating thickness of 7 nm and
thus the ALD process had to be stopped. For all images, the scale bars are identical.
8.5 Single Free-Standing Conical Nanotubes
The high mechanical stability of free-standing TiO2 and Al2O3 (thick walls) conical nanotubes fabricated
as array enabled the advanced synthesis of single free-standing conical nanotubes. For the fabrication
of single conical nanochannels, polycarbonate foils irradiated with one single heavy ion per foil were
etched applying exactly the same process as for the multichannel membranes (Sections 2.2.2 and 6.5).
In addition, a multichannel membrane was etched directly afterwards under identical conditions to be
used later as reference for the wall thickness and the tube length. The surface modification by ALD was
performed simultaneously for single and multichannel reference membranes. Figure 8.5.1a presents a
SEM image of a single free-standing tubular nanocone with ∼10 nm thick TiO2 wall recorded under an
angle of 20°, which remained intact during the whole preparation process including mechanical stabi-
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lization of the coated template, dissolution of the polymer in solution, Au sputtering to reduce charging
effects during SEM analysis, the imaging process itself as well as all sample transportation processes. In
addition, the high magnification image displayed in (b) reveals the same features of the single tubular
nanocone as obtained for the arrays: a conical shape exhibiting a smooth outer surface as well as a tubu-
lar structure, which is indicated by sputtered Au and electrodeposited Cu being visible inside the cone at
a certain distance from the base. Figure 8.5.1c presents the same characteristics for a single Al2O3 cone
with a wall thickness of ∼15 nm.
Although ∼30 % of alike prepared single nanocones were observed broken or have not been found on
the metallic stabilization layer, the robustness of the single tubular nanocones is impressive.
Figure 8.5.1.: SEM images of single free-standing TiO2 (a,b) and Al2O3 (c) nanocones with a wall thick-
ness of ∼10 nm and ∼15 nm, respectively.
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8.6 Dimensions of Single (Free-Standing) Conical Nanotubes
Compared to Arrays
Since each tubular nanocone is a replica of an etched ion-track nanochannel, the comparison of nan-
otubes grown in single and multichannel membranes under exactly the same conditions allows the
investigation of the similarity of the respective etching processes. Thus, nanochannels were fabri-
cated under identical etching conditions right after each other in two foils irradiated with only one
ion per foil and 106 ionscm2 (Section 6.5). The subsequent ALD process is performed simultaneously for both
membranes. One half of the multichannel membrane was used to release the synthesized nanotubes
onto a TEM-grid in order to determine the deposited wall thickness as well as the tube length by STEM-
in-SEM as presented in Section 8.1. For a given channel length, the geometric dimensions of a conical
nanochannel are defined by the diameter of tip and base. Therefore, these two diameters were estimated
for single and multichannel membranes, i.e. single and arrays of tubular nanocones.
The base diameters were determined from SEM images of free-standing conical nanotubes recorded un-
der an angle of 20° as presented in Section 8.3 and Section 8.5 for arrays and single cones, respectively.
Measurements obtained under an angle of 0° resulted in exactly the same values. From STEM-in-SEM
images, the base diameter could not be determined reliably, since most of the observed tubes broke dis-
placed from the layer deposited on the membrane surface (Figure 8.1.1c) prohibiting the calculation of
a mean value from a reasonable amount of tube measurements. This emphasized the need to prepare
arrays of free-standing tubular nanocones in order to estimate the etched base diameter from a replica.
To determine the tip diameter before and after ALD, STEM-in-SEM images of nanocones released onto
TEM-grids were applied in the case of multichannel membranes, whereas I-V measurements were per-
formed in the case of single-channel membranes. The different procedures were required due to the
following reasons.
(1) A high-magnification top-view of a free-standing nanocone was only imaged once in high-quality
(Figure 8.6.1a). Additionally, inner and outer tip diameters can not be determined distinctively from this
image due to perspective and contrast problems. These prohibit the analysis of the tip for free-standing
nanocones in arrays or as single nanostructure.
(2) In contrast, STEM-in-SEM images of nanotubes released from multichannel membranes enabled the
visualization of the tips and were thus utilized to determine the outer Do and inner diameter Di at the
tip as exemplarily depicted in Figure 8.6.1b-e. The outer diameter corresponds to the diameter adjusted
by the etching process, whereas the inner diameter is tailored by the number of ALD cycles. For the
analyzed tips, Do−Di2 resulted in the nominal coating thickness proving a layer-by-layer growth even at
the tip of the nanochannels and thus confirming a conformal deposition by ALD along the entire ∼30
µm length of the etched ion-tracks in polycarbonate.
(3) In the case of single cones, the release onto TEM-grids would most probably cause the loss of the
nanotube. Furthermore, the base diameter would be inappropriate to estimate in most cases due to
askew breaking as discussed above.
(4) The tip diameter of a single conical nanochannel can be deduced from ionic conductance measure-
ments performed before and ALD coating, if the base diameter is known (Section 6.5). Characterization
before ALD provides the initial channel diameter, whereas analysis after coating reveals information
8.6. Dimensions of Single (Free-Standing) Conical Nanotubes Compared to Arrays 73
about the inner diameter of the surface-modified single-channel. After finishing all I-V measurements,
the single cones were prepared as free-standing nanotubes to determine the base diameter required for
the calculation of the tip diameter.
Figure 8.6.1.: Tips of conical nanotubes synthesized in multichannel membranes. (a) Top-view of a free-
standing Al2O3 nanotube with a nominal wall thickness of ∼20 nm recorded by SEM un-
der a tilting angle of 0°. (b-e) STEM-in-SEM images of tips of conical nanotubes. (b) TiO2
nanocone with outer tip diameter of ∼65 nm and inner tip diameter of ∼35 nm due to
∼15 nm coating imaged in dark-field mode. (c-e) The ∼50 nm outer diameter of the TiO2
(c), Al2O3 (d), and SiO2 (e) nanocone tips are reduced by ALD coatings of nominal∼10 nm,∼15 nm, and ∼20 nm, respectively. The scalebar shown in (c) is valid for (b-e).
To compare the etching processes in single and multichannel membranes quantitatively, the radial etch-
ing rates (diameter/etching time) of base and tip were calculated for both cases and are given in Table
8.6.1. Since the breakthrough time measured for single channel membranes varies strongly (up to 30
s, as also reported by L. Burr [122]) and for the most applications of single conical nanochannels (e.g.
sensors) the tip is the relevant geometric part, the etching time was defined as the time between the
breakthrough and the end of the etching process. The obtained radial base etching rates of single chan-
nel and multichannel membranes coincide well, whereas the mean value of the radial etching rate for six
single channels is by a factor of ∼2 higher than for multichannel membranes and fluctuates more. The
latter might be caused by the inhomogeneity of material and thickness of the foil as well as less tubes
taking into account for the calculation.
Since an accurate value for the tip diameter of the single channel can not be adopted from the STEM-in-
SEM images of the conical nanotubes released from the multichannel membranes, it has to be deduced
from the I-V measurements. According to equation 4.6, this requires the base diameter. In literature,
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usually the base diameter is determined for a multichannel reference membrane that is etched simulta-
neously without applying a stabilization voltage. This differs from the procedure described in this thesis
[14, 16, 80, 116, 171, 172]. However, the common procedure to apply the base diameter obtained from
a multichannel reference membrane to calculate the tip diameter is confirmed by the comparison of free-
standing tubular nanocones presented here. Additionally, the preparation of the single free-standing
conical nanotube after the I-V measurements enabled the precise calculation of the tip diameter for the
studied channel, since the base diameter was estimated at the analyzed channel itself. This is a big
advantage for the analysis of single conical nanochannels, since small deviations of the base diameter
result in significantly different tip diameters.
Table 8.6.1.: Radial etching rates of base and tip obtained from the corresponding diameters of conical
single and multichannels in etched ion-track polycarbonate membranes.
Radial etching rate Base (µm/min) Tip (nm/min)
106 ionscm2 0.20± 0.07 5.6± 1.8
Single channel 0.22± 0.03 9.9± 4.4
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9 Nanotube Networks
The conformal ALD-coating of nanochannels in polycarbonate membranes independent of the channel
geometry opened up further variations of the template. Interconnected nanochannels synthesized in
etched ion-track membranes provide the tailoring of all characteristics of such a structure: thickness of
the structure, amount and diameter of the channels as well as angle of crossings. Shape-conform ALD
coating of nanochannel networks increase the variability by further tailoring of the porosity and the spe-
cific surface area as well as the physical and chemical nature of the inner surfaces. Such structures are
mechanically stable and of interest for the investigation of filtration and catalysis in well-defined porous
structures as well as applications in e.g. photoelectrochemistry. Additionally, releasing the deposited
structures from the polymer would result in nanotube networks that are highly tunable especially in
terms of high surface-to-volume ratios compared to nanowire arrays and networks as well as nanotube
arrays.
During the ALD process, interconnected nanochannels represent more complex diffusion paths for the
precursor molecules compared to parallel nanochannels. Furthermore, the length of the channels is in-
creased compared to parallel channels in a membrane of the same thickness.
As proof-of-concept, series of network templates were prepared by irradiating ∼30-µm thick polycar-
bonate foils under an incident angle of 45° from 4 directions with a fluence of ∼ 109 ionscm2 each. After
symmetric etching, 10, 15, and 20 nm thick TiO2-, SiO2-, and Al2O3-layers were ALD-deposited into the
channels. Section 9.1 presents cross-sectional SEM-images of nanochannel networks. The free-standing
networks of cylindrical nanotubes obtained after dissolution of the template are discussed in Section 9.2.
9.1 Cross-Sections of Nanotube Networks
Samples etched for 8 min and coated with nominal 20 nm SiO2 became highly brittle and upon touch-
ing with twizzers they broke. This enabled easy SEM imaging of cross-sections. Figure 9.1.1 presents
representative SEM images of such SiO2-coated interconnected cylindrical nanochannels in a ∼30-µm
thick polycarbonate membrane. The low magnification image displayed in (a) demonstrates the network
structure and its extension over the whole template thickness as indicated by the straight orange line.
The higher magnification image shown in (b) was recorded under an angle with respect to the top of the
membrane as indicated by the red arrow in (d) and visualizes the smoothness of this membrane side.
In contrast, the imaging under a tilting angle with respect to the bottom of the membrane as indicated
by the orange arrow in (d) shows the roughness of the other side of the membrane (c). As presented
exemplarily in (e), further magnification reveals interconnections of the nanochannels as well as the 4
different directions of the ion irradiation, which are indicated with the yellow arrows. Additionally, the
island formation of the Au film is visible at this magnification. The Au was sputtercoated to enable better
focusing. For the nanochannels, a diameter of ∼120 nm is obtained in agreement with the radial etching
rate observed for network templates (∼ 20 nmmin) and the nominal coating thickness of the SiO2 layer.
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Obviously, the ALD coating does not affect the shape of the nanochannels and thus, the presented images
are in good agreement with cross-sections of uncoated networks imaged by L. Movsesyan and L. Burr
[122, 192]. Furthermore, the conformal coating results in a highly porous template with inorganic inner
surfaces. However, the brittleness of these samples is not advantageous for applications.
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Figure 9.1.1.: Cross-sectional SEM-images of a PC membrane irradiated under 45 °from 4 directions. After
etching, the surface was ALD-coated with nominal 20 nm SiO2. (a) The network structure
of the coated cylindrical nanochannels extends over the entire∼30-µm thick membrane. At
higher magnification the smooth (b) and rough surfaces (c) of the membrane are clearly
distinguishable by tilting the sample and imaging the cross-section (red in d) from top and
bottom as indicated by the red and orange arrow in (d), respectively. (e) The further mag-
nified inset marked orange in (c) shows the 4 directions of ion irradiation that are indicated
by the yellow arrows as well as the island formation of the sputtered Au.
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9.2 Free-Standing Nanotube Networks
A network template prepared by 10 min etching was coated with a nominal 10 nm thick TiO2 layer
at Universität Hamburg. In collaboration with L. Movsesyan [62, 192], the sample was mechanically
stabilized by a metallic layer, the template was dissolved, and the synthesized nanostructure was char-
acterized by SEM (detailed description of sample preparation in Section 5.3). Figure 9.2.1 displays
representative SEM images of the nano-network consisting of cylindrical nanotubes. Low magnification
demonstrates the homogeneity of the free-standing TiO2 nanotube network over an area of several hun-
dred µm2 (a). Higher magnification reveals the characteristic of a network: interconnections (marked
with orange circles in b). Further magnification presents the tubular and cylindrical shape of the in-
terconnected nanostructures as well as smooth walls (c). Additionally, the interconnections are clearly
visible from outside (some are marked with circles) and seeing into them reveals the interconnection
of the confined volume (marked with yellow circles). All these observations prove the conformal de-
position inside network templates by ALD. Furthermore, they show the high mechanical stability of a
highly-ordered nanotube network. Inside the nanotubes and on their outer surface the Au sputtercoat-
ing performed for better focused images is visible.
For all free-standing networks synthesized by Al2O3-coating as well as other deposited thicknesses of
TiO2 and SiO2, the characterization by SEM showed an mostly undamaged ALD layer on top of the
membrane despite some cracks. Focusing into these cracks revealed intact network structures. However,
repeating the flushing with DCM more often and elongating the insertion into the dissolving solution did
not affect the nanostrucures. Additionally, mechanical rubbing with soft and hard tissue or fine-grained
abrasive paper did not influence the obtained result or completely removed the nanostructures, respec-
tively. These observations demonstrate the high mechanical stability of the nanotube networks, which is
promising for applications but challenging for characterization.
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Figure 9.2.1.: SEM images of a highly-ordered and interconnected free-standing network consisting of
cylindrical TiO2 -nanotubes with ∼10 nm thick walls. (a) The network is stable and homo-
geneous over several hundred µm2. (b,c) Higher magnification reveals interconnections
(some marked with orange circles), the tubular and cylindrical shape as well as the smooth
walls of the nanostructures. The yellow circles in (c) mark interconnected nanotubes.
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10 Conclusions of Nanotube Synthesis
This part presented the morphology and composition of cylindrical and conical nanotubes as well as
nanotube networks of TiO2, SiO2, and Al2O3 synthesized by ALD in ∼30-µm thick polycarbonate mem-
branes.
For cylindrical nanochannels, systematic studies by a scanning electron microscope operated in trans-
mission mode (STEM-in-SEM) and laboratory small angle X-ray scattering (SAXS) demonstrated the
independence of the layer thickness from the initial channel diameter. For all three deposited oxides, the
diameter reduction by ALD was homogeneous over the entire channel length down to inner diameters
below 10 nm evidencing the synthesis of nanotubes with an aspect ratio inside the tubes of more than
3000. Furthermore, layer-by-layer growth was possible in cylindrical nanochannels as small as 10 nm
in diameter. This confirmed the conformal coating of parallel aligned nanochannels exhibiting a higher
aspect ratio as reported beforehand [21, 92, 95–99].
SAXS measurements performed in the laboratory and at the synchrotron as well as with different analysis
codes [176, 179] were in quantitative agreement. In addition, the SAXS analysis at the synchrotron facil-
ity revealed that the diameter reduction down to a few nm is challenging and requires the optimization
of the three ALD processes probably due to diffusion limits caused by the precursor size being only one
order of magnitude lower than the channel size. Further elongation of exposure and purge times, the use
of smaller precursor molecules, e.g. TiCl4 for TiO2 ALD, or the approach of N. Sobel, who repeated each
half-cycle directly after itself for a few times before performing the other half-cycle [182], may overcome
this limitation.
The calculation of the geometrical features, which are preserved during imaging of the nanotubes in
transmission mode of the SEM, showed that the wall thickness of the nanotubes is determined most
accurately directly from the STEM-in-SEM images. In addition, the calculation confirmed the tubular
shape of the analyzed nanostructures.
Besides the coating of cylindrical nanochannels, the parameters optimized for the deposition of TiO2,
SiO2, and Al2O3 in polymeric templates were applied for conical channels. Without restriction, layer-
by-layer growth was observed demonstrating the independence of the conformal surface modification
from the geometry of the template. This conformity is the great advantage of ALD compared to other
surface modification techniques such as chemical or electroless methods that lead to rough or undefined
channel walls [16, 65, 66, 80]. As for cylindrical channels, the outer and inner surface of the tubes repli-
cate the smooth surface of the etched ion-tracks in polycarbonate providing well-defined channels with
various wall materials. Thus, these channels are more suitable for the systematic investigation of ionic
conductance in ALD-coated nanochannels than the recently published ALD-coated conical nanochannels
in polyethylene terephthalate (PET) [43], which forms rough channel walls [42].
Regarding the composition of the coating in cylindrical and conical nanochannels, energy dispersive X-
ray spectroscopy (EDX) analysis of TiO2, SiO2, and Al2O3 nanotubes released from the polycarbonate
template evidenced pure deposition and preparation processes. X-ray photoelectron spectroscopy (XPS)
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demonstrated almost stoichiometric bulk composition for 10 nm thick films on the membrane surface.
Unique arrays of free-standing, ∼30-µm high conical nanotubes with different wall thicknesses in the
order of a few ten nm were successfully prepared homogeneously in areas of few cm2. Dependent on
the material and thickness of the wall, the free-standing nanocones showed qualitatively different me-
chanical stability: Thicker walls increased the stability. SiO2 cones were the most fragile in agreement
with its fracture toughness value [188, 189]. The high mechanical stability of the cones exhibiting TiO2
walls coincides with its fracture toughness value [190]. Due to electrical charging under the electron
beam, bending and finally collapsing Al2O3 and SiO2 nanocones were observed in-situ during SEM anal-
ysis. Instead of standing free, cylindrical nanotubes prepared in the same way exhibiting the same wall
thicknesses and diameters equivalent to the tip diameter were very flexible forming bundles of lying nan-
otubes. This emphasizes the advantage of the conical nanotubes for applications requiring free-standing
nanostructures such as drug delivery directly into cells [21]. However, lying symmetric SiO2 nanotubes
exhibit high mechanical stability and flexibility in contrast to TiO2 and Al2O3 tubes, which break easily.
This is in contrast to the fracture toughnesses of the three bulk materials [188–191].
The successful preparation of arrays of free-standing tubular nanocones that are mechanical stable was
consequently transferred to single channel membranes leading to the advanced synthesis of single free-
standing conical nanotubes. This unique method is advantageous for the precise calculation of the tip
diameter from ionic conductance measurements since the required base diameter of the studied channel
can be determined exactly from the SEM image of the free-standing prepared single tubular nanocone.
The comparison between the radial base etching rate of single channels and multichannels etched under
identical conditions resulted in coinciding values. The distinct values of outer and inner tip diameter
were not accessible at the free-standing nanocones. Accordingly, they were determined by I-V measure-
ments before as well as after ALD for single channels and by STEM-in-SEM of released nanotubes lying
on TEM-grids for multichannel membranes. The resulting mean values of the tip etching rates differed
by a factor of ∼ 2. In contrast to the procedure described in this thesis, commonly the base diame-
ter is estimated from a multichannel membrane etched simultaneously without applying a stabilization
voltage [14, 16, 80, 116, 171, 172]. However, the here presented comparison of free-standing conical
nanotubes arranged as single or arrays confirms the procedure to utilize the base diameter obtained from
the multichannel reference membrane for the determination of the tip diameter.
The conformal surface modification by ALD independent on the geometry of the etched ion-tracks in
polycarbonate membranes opened up further variation of the template: interconnected channels. For
the highly-ordered networks consisting of interconnected cylindrical nannochannels, the cross-sectional
SEM-images recorded after∼20 nm SiO2 ALD revealed a highly porous template, that was extended over
a thickness of ∼30 µm. Additionally, the huge increase in brittleness after deposition of ∼20 nm SiO2
may be applied for the imaging of cross-sections of other porous samples irradiated with high fluences.
The free-standing TiO2 network with ∼10 nm thick walls was impressively homogeneous and stable
over several hundred µm2. In addition, it consisted of cylindrical tubes with smooth walls and exhibited
interconnections of the nanotubes.
All these observations evidenced conformal deposition inside network templates by ALD, which is
promising for further investigations aiming applications in e.g. catalysis or solar energy harvesting
due to the increased surface area compared to nanowire arrays and networks as well as nanotube
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arrays. Furthermore, they enable systematic studies due to the possibility to tailor all characteristics
of such a structure: thickness of the porous structure, outer and inner diameter of the nanotubes, angle
of crossings as well as amount and physical as well as chemical properties of tubes.
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Part III.
Ionic Conductance in
ALD-Coated Single
Nanochannels
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As presented in Part II, the ALD coating of TiO2, SiO2, and Al2O3 reduces the
diameter of polycarbonate nanochannels in a very precise and controllable manner
without affecting their initial geometry. This is applied in this third part of the
thesis to single-channel membranes employed world-wide for the investigation of
ionic and particle transport along a channel of confined dimensions. In first tests,
the influence of the ALD surface modification on the ionic conductance of single
cylindrical (Chapter 11) and conical (Chapter 12) channels is investigated for all
three oxides. I-V characteristics are recorded and analyzed as function of the pH
value of the electrolyte. Additionally, Section 12.2 presents the ionic conductance
of a gated TiO2-coated conical channel embedded in the polycarbonate template.
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11 Single Cylindrical Nanochannels
In this chapter, single cylindrical channels ALD-coated with TiO2, Al2O3, and SiO2 are studied by conduc-
tometry. I-V conductance measurements were performed to determine the diameter of a given nanochan-
nel before and after ALD and thus the influence of the deposited layer thickness. As reference, nanotubes
released from multichannel reference membranes, which were synthesized simultaneously, were applied.
To ensure the suitability of the multichannel membrane as reference, the etching rate of single and multi-
channels was compared (Section 11.1). Detailed studies of single symmetric channels coated with TiO2,
Al2O3, and SiO2 are presented in Section 11.2. Ionic conductance dependent on the pH value of the elec-
trolyte and the surface material of a single nanochannel was investigated (Section 11.3). Additionally,
the effect of the oxide layer deposited onto both membrane surfaces on ionic conductance measurements
(Section 11.4) and the reproducibility of synthesis and ionic transport in single cylindrical nanochannels
(Section 11.5) are discussed.
11.1 Uncoated Single Cylindrical Nanochannels
Figure 11.1.1a shows representative I-V characteristics of single cylindrical nanochannels prepared by
symmetric etching of ∼30-µm thick single-ion irradiated polycarbonate membranes applying various
etching times between 70 and 250 s. For all etching times, the current depends linearly on the voltage
demonstrating ohmic behavior. Thus, there is no rectification as expected for a symmetric geometry
of the channels [56]. In each case, the channel diameter was calculated according to equation 4.4 by
deducing the electrical conductance from the slope of the corresponding I-V curve. The diameters esti-
mated for all analyzed nanochannels are plotted in Figure 11.1.1b as a function of etching time. The
radial etching rate for the single cylindrical nanochannels is 26.1± 3 nmmin . This value coincides with the
radial etching rate of the simultaneously etched multichannel reference membranes and all other mul-
tichannel membranes etched symmetrically (23.9± 0.5 nmmin , Section 7.1), for which the ALD-deposited
nanotubes were released and analyzed by STEM-in-SEM. For single tracks, the radial etching rate shows
higher fluctuation probably caused by thickness fluctuations and inhomogeneities of the polycarbonate.
The agreement of the etching rates allowed the utilization of simultaneously etched and ALD-coated
multichannel membranes as reference for initial and inner diameter as well as deposited layer thickness
(see Section 6.5 for preparation steps).
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Figure 11.1.1.: (a) I -V curves of single cylindrical nanochannels in polycarbonate etched for various times.
The diameters∅ were deduced from the ionic conductance by applying equation 4.4. (b)
Channel diameter as a function of etching time.
11.2 ALD-Coated Single Cylindrical Nanochannels
The surface modification of single cylindrical nanochannels in polycarbonate membranes was performed
by ALD of TiO2, Al2O3, and SiO2. To characterize the depositions inside the single channels, I-V curves
were measured at the IEP of the surface material. This section presents representative I-V characteristics
for each oxide.
11.2.1 TiO2 Coating
To investigate the ionic conductance in TiO2-coated etched ion-track polycarbonate membranes, single
tracks were etched for 120 s and a nominal 10 nm thick TiO2 layer was deposited by ALD. Directly
after etching, the I-V characteristic was recorded (Figure 11.2.1a, orange) to deduce the diameter of
the uncoated single channel using equation 4.4. The resulting value of ∼42 nm is in good agreement
with the outer diameter of the nanotubes released from the simultaneously etched (big beaker) and
coated multichannel reference membrane obtained by STEM-in-SEM (Figure 11.2.1b, orange arrow).
The lower etching rate compared to data presented in Section 7.1 and 11.1 is attributed to a decrease
of the UV lamp intensity by aging. After TiO2 ALD, the ionic conductance of the single nanochannel
was measured at the IEP of the surface material (pH ∼5). This I-V curve (Figure 11.2.1a, green) shows
an ohmic behavior demonstrating that the symmetric geometry of the channel is maintained and thus
evidencing a conformal ALD process inside the single nanochannel. The deduced diameter of ∼24 nm
is in good coincidence with the reduction expected from the nominal coating thickness and the inner
diameter measured by STEM-in-SEM on the reference nanotubes (Figure 11.2.1b, green arrow).
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Figure 11.2.1.: (a) I -V curves of a 120 s etched single cylindrical nanochannel before and after ∼10 nm
TiO2 deposition by ALD. (b) Representative STEM-in-SEM image of a nanotube released
from the corresponding multichannel reference membrane. The orange and green arrow
mark outer and inner diameter of the tube, respectively.
11.2.2 Al2O3 Coating
Figure 11.2.2a displays the I-V measurement of a single cylindrical nanochannel in a polycarbonate
membrane synthesized by 90 s symmetric etching (orange). The corresponding ionic conductance leads
to a diameter of∼25 nm (equation 4.4), which coincidences well with the outer diameter of the reference
nanotubes released from the equally treated multichannel membrane (Figure 11.2.2b, orange arrow).
Due to aging of the UV lamp, both membranes were UV irradiated with less intensity resulting in a
smaller etching rate as usually observed. Nominal 5 nm Al2O3 were deposited onto both membranes by
ALD. At pH ∼9 (IEP of Al2O3), the Al2O3-coated single nanochannel leads to an I-V curve characterized
by a linear dependency of the ionic current on the applied voltage (Figure 11.2.2a, red). This evidences
a conformal deposition process along the entire ∼30-µm long nanochannel. The reduced diameter of
∼14 nm was estimated according to equation 4.4 and is in agreement with the value expected from the
nominal coating thickness as well as the inner diameter of the reference nanotubes (Figure 11.2.2b, red
arrow).
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Figure 11.2.2.: (a) I -V curves of a single cylindrical nanochannel recorded directly after 90 s etching
and after the deposition of ∼5 nm Al2O3. (b) STEM-in-SEM image of a representative
reference nanotube. The diameter before and after ALD is marked by an orange and red
arrow, respectively.
11.2.3 SiO2 Coating
Figure 11.2.3a shows the I-V curve of a single cylindrical nanochannel after 120 s etching (orange).
The diameter deduced from the I-V measurement is ∼54 nm (equation 4.4) in good agreement with
the etching rates obtained for single and multichannel membranes. However, the outer diameter of
the nanotubes released from the corresponding multichannel reference membrane is smaller (Figure
11.2.3b, orange arrow). After ALD coating with nominal 10 nm SiO2, the I-V characteristic of the single
nanochannel was recorded at the IEP of SiO2 (pH ∼2). As for the two other oxides, this I-V curve (Figure
11.2.3a, blue) shows ohmic behavior evidencing a conformal layer formation inside the nanochannel.
Considering this I-V data, the SiO2 layer reduces the channel diameter down to ∼38 nm coinciding with
the reduction expected from the nominal deposited thickness and the wall thickness of the reference
nanotubes (Figure 11.2.3b).
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Figure 11.2.3.: (a) I -V curves of a single cylindrical nanochannel after 120 s etching and ALD-coated
with a ∼10 nm SiO2 layer. (b) Section of a representative nanotube released from the
multichannel reference membrane obtained by STEM-in-SEM. The orange arrow marks
the outer diameter of the tube, while the inner diameter is indicated by the blue arrow.
11.3 Ionic Conductance as a Function of the pH Value of the
Electrolyte
The successful conformal and controllable diameter reduction of single cylindrical nanochannels by ALD
coating led to a decreased ionic conductance. In this section, the I-V characteristics of TiO2-, Al2O3-, and
SiO2-coated single cylindrical channels are studied as a function of the pH value of the electrolyte. To
make the influence of the pH value easier observable, a triangular voltage was varied between ± 3 V for
all following analyses.
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11.3.1 TiO2-Coated Channels
Figure 11.3.1a displays the I-V curves measured for the single cylindrical nanochannel with initial di-
ameter ∼42 nm (orange) and coated with nominal 10 nm TiO2 (Figure 11.2.1) at pH ∼2 (blue), pH
∼5 (green), and pH ∼9 (red). The highest ionic conductance is observed at pH ∼5, which is the iso-
electric point (IEP) of TiO2. Due to the absence of surface charges at the IEP, the deduced diameter of
∼24 nm corresponds to the nanochannel size. The surface groups (−TiOH) of the metal oxide TiO2 are
amphoteric in aqueous solution [193]. Thus, they are protonated at a pH < IEP according to [193]:
−TiOH + H+  −TiOH2 + (11.1)
resulting in a positively charged surface. At a pH > IEP, the surface groups are deprotonated according
to [193]:
−TiOH  −TiO− + H+ (11.2)
leading to a negatively charged surface. For the presented single cylindrical nanochannel with a TiO2
surface, the surface charges at the studied pH values as well as the formed electrical double layer (EDL)
are shown schematically in Figure 11.3.1b. In the I-V curves, a decreased ionic conductance is observed
for pH 6= IEP due to hindered ionic transport caused by the EDL. According to the theory of nanofluidics,
the counterion selectivity caused by the EDL should decrease the transport of cations at pH < IEP and
of anions at pH > IEP. The thickness of the EDL layers (λD) can in principle be calculated from the
diameters ∅ deduced from the ionic conductance:
λD =
∅pH=IEP − ∅pH 6=IEP
2
(11.3)
Unfortunately, the amount of analyzed nanochannels was not sufficient for statistical significance. How-
ever, from the presented I-V curves first estimations result in EDL thicknesses of ∼4 nm for pH ∼2 and
∼ 2.5 nm for pH ∼9. These values are one order of magnitude larger compared to data reported in liter-
ature for the applied 1 M KCl solution [146]. N. Sobel investigated the contact angle of water at the flat
surfaces of pristine polycarbonate membranes and after deposition of ∼10 nm TiO2 by ALD onto these
surfaces [182]. The strong reduction of the contact angle after ALD coating was ascribed to an increase
of hydroxyl groups on the studied surface. The first estimations of the EDL layer thickness indicate the
same effect of the TiO2 surface modification inside the nanochannel. The observed rectification ratios of
∼1 for pH ∼2 and ∼1.3 for pH ∼9 indicate a symmetric surface charge distribution inside the cylindrical
nanochannel and thus prove the homogeneous TiO2 deposition inside the entire channel by ALD.
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Figure 11.3.1.: (a) I -V curves of a single cylindrical nanochannel exhibiting an initial diameter of ∼42 nm
recorded at different pH values after the deposition of ∼10 nm TiO2. In each case, the
diameter ∅ was deduced according to equation 4.4. (b) Schemes of the surface charges
and EDL for different pH values of the 1 M KCl solution used as electrolyte. Proportions
are not to scale.
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11.3.2 Al2O3-Coated Channels
For the nanochannel with an initial diameter of ∼25 nm (orange) after 90 s etching that was coated with
nominal 5 nm Al2O3 (Figure 11.2.2), I-V curves were obtained at different pH values (Figure 11.3.2a).
The highest ionic conductance is observed at the IEP of Al2O3 (pH ∼9, red). The deduced diameter of
∼14 nm presents the nanochannel size after coating, since no surface charges are present at the IEP. In
aqueous solution, the surface groups (−AlOH) of Al2O3 are zwitterionic leading to protonation at pH <
IEP [194, 195]:
−AlOH + H+  −AlOH2 + (11.4)
Thus, the surface inside the nanochannel is charged positively resulting in the formation of an EDL as
schematically shown in Figure 11.3.2b. The measured ionic conductance is reduced at pH ∼5 (green)
and further decreased at pH ∼2 (blue) in agreement with less screening in the case of higher surface
charge concentration. The estimated Debye lengths (equation 11.3) are ∼0.5 nm in the case of pH ∼5
and ∼ 1.5 nm in the case of pH ∼9 being a factor of ∼ 2 and ∼5 larger as given in literature for 1 M KCl
solution [146]. A symmetric surface charge distribution inside the cylindrical channel is indicated by the
rectification ratios of ∼1 for pH ∼5 and ∼1.2 for pH ∼2 demonstrating a conformal deposition of Al2O3
inside the single nanochannel.
Figure 11.3.2.: (a) After deposition of ∼5 nm Al2O3, the I -V curves of a single cylindrical nanochannel
with an initial diameter of ∼25 nm were recorded at different pH values. According to
equation 4.4 the diameters ∅ were calculated. (b) The schemes show the surface charges
as well as the EDL (proportions not to scale).
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11.3.3 SiO2-Coated Channels
Figure 11.3.3a shows the I-V characteristics of a single cylindrical nanochannel that was etched for 90
s (orange). The diameter deduced from the ionic conductance is ∼36 nm in agreement with the outer
diameter of the reference nanotubes released from the multichannel membrane (Figure 11.3.3b, orange
arrow). After coating with a nominal 5 nm thick SiO2 layer, STEM-in-SEM reveals tubes with expected
inner diameters (Figure 11.3.3b, blue arrow). However, the ionic conductance measured at the IEP of
SiO2 (pH ∼2, blue) results in a diameter of ∼8 nm for the simultaneously coated single channel (Figure
11.3.3a, blue). At pH ∼5 (green) and pH ∼9 (red) of the 1M KCl solution used as electrolyte, the ionic
conductance is increased in contrast to the EDL theory, which predicts hindered ionic transport due to
negative surface charges formed by dissociation of H+ from the functional −SiOH surface groups (Figure
11.3.3 c) [196, 197]. For several single cylindrical channels, the lowest ionic conductance was observed
at the IEP after SiO2 deposition. Nevertheless, the rectification ratio is ∼0.9 for all pH values indicating
a symmetric surface charge distribution and thus a conformal coating inside the single channel.
Figure 11.3.3.: (a) I -V characteristics of a single cylindrical channel with a diameter of∼36 nm measured
after etching and at various pH values of the electrolyte after deposition of ∼5 nm SiO2.
1 M KCl solution was utilized as electrolyte. (b) Representative section of a nanotube
released from the multichannel reference membrane visualized by STEM-in-SEM. Outer
and inner diameter are marked by an orange and blue arrow, respectively. (c) For the
different pH values, the schematics display the surface charge and the EDL. Proportions
are not to scale.
At a given pH value of the electrolyte, the surface charges of a single cylindrical nanochannel depend on
the ALD-deposited material due to their different IEPs. Thus, the ALD coating enables the adaptation of
polymeric nanochannels to a broad range of acidic and basic environments without introducing surface
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charges. On the other hand, the surface modifications can be applied to sense changes of the pH value
of an electrolyte for various initial pH values.
11.4 Capacitance Effect in Nanochannels with Oxide Walls
The I-V curves of single-channel membranes that exhibit initial diameters between 25 and 120 nm and
are coated with TiO2-, SiO2-, and Al2O3-layers, show hysteresis if they are recorded by applying the
standard settings, which are used for uncoated membranes (see Section 6.5 for details of the set-up).
Figure 11.4.1 displays the representative I-V curve of a nanochannel with ∼50 nm diameter coated with
a ∼10 nm thick SiO2 layer recorded at the IEP of the surface material (pH ∼2). Applying the standard
parameters for the voltage steps, i.e. steps of 0.15 V and recording the ionic current for 1 s at each
voltage, results in hysteresis (Figure 11.4.1 dark yellow). Increasing the delay time, i.e. extending the
measuring time at each voltage step, to 10 s reduces the hysteresis (Figure 11.4.1 blue) indicating that a
capacitance effect causes the hysteresis.
Figure 11.4.1.: I -V curves of a single cylindrical nanochannel with an initial diameter of ∼50 nm and a
∼10 nm thick SiO2 coating. (a) For voltage steps of 0.15 V and measuring time of 1 s at
each voltage step (green-yellow), hysteresis is observed. Extending the delay time to 10 s
reduces the hysteresis (blue). (b) Scheme of the applied voltage steps and delay times.
The two flat surfaces of the polycarbonate membrane are huge compared to the opening areas of the
single nanochannel at the membrane surfaces. For a voltage applied across such a membrane placed in
an electrolyte, the flat surfaces can act as capacitor, which is schematically displayed in Figure 11.4.2.
Since polymers exhibit relatively low surface-charge densities [198], no capacitor effect superimposing
the ionic conductance measurements is expected. However, the surface modification by ALD, which de-
posits the oxide layers on all surfaces of the membrane, may result in I-V curves showing hysteresis due
to charging and discharging of the surface depending on the coating material.
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Figure 11.4.2.: Scheme of I -V measurements for membranes with ALD coating on all surfaces.
To distinguish, if the hysteresis is caused by charging of the oxide layer inside the nanochannel or/and
surface charges on the flat surfaces of the membrane, I-V curves were recorded for membranes without
nanochannel, which were ALD-coated with 5 (filled symbols) and 10 nm (open symbols) thick TiO2 and
Al2O3 layers (Figure 11.4.3). For a delay time of 1 s, the hysteresis is independent of the thickness of
the TiO2-layer at the IEP (Figure 11.4.3a). In the case of Al2O3, the I-V curves show a more pronounced
hysteresis for thicker layers (Figure 11.4.3b). Due to the good dielectric properties of Al2O3 compared
to the semiconducting TiO2, we suppose that the hysteresis can be ascribed to capacitance effects.
Figure 11.4.3.: I -V curves of unetched samples coated with 5 and 10 nm thick TiO2 (a) and Al2O3 (b)
layers. The measurements were performed by applying a delay time of 1 s. (a) The hys-
teresis is independent of the TiO2 layer thickness. (b) A thicker Al2O3 layer results in a
more pronounced hysteresis.
If the delay time is increased from 1 s (filled symbols) to 10 s (open symbols), ∼10 nm thick TiO2 and
Al2O3 layers on unetched polycarbonate membranes show less hysteresis (Figure 11.4.4). Since charg-
ing of a capacitor is time dependent, these observations provide further evidence that the hysteresis is
related to capacitance. Besides the background noise, no current was recorded in the I-V curves of un-
etched and uncoated as well as non ion-irradiated and uncoated samples. Furthermore, the uncoated
single-channel membranes do not cause hysteresis as presented in Figure 11.1.1 (Section 11.1). Thus,
we assume that the capacitance is created by surface charges formed at the oxide layer on the flat sur-
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faces of the membrane and inside of the nanochannels. The area of both flat surfaces (top and bottom)
is about 7× 10−4m2, whereas the surface area inside the single nanochannel is in the order of 10−12m2
for 30-µm long nanochannels with diameters smaller than 100 nm. Due to the 8 orders of magnitude
smaller surface inside the nanochannels, it is assumed that the capacitance effect is dominated by the ox-
ide layer deposited on the surfaces of the membrane. The investigation of samples after removing these
layers by e.g. reactive-ion etching could clarify, if the coating inside the nanochannel also contributes to
the hysteresis.
Figure 11.4.4.: Longer delay times during recording the I -V curves reduce the hysteresis for∼10 nm thick
TiO2 (a) and Al2O3 (b) layers.
In the case of TiO2, a delay time of 3 s was suitable to minimize the hysteresis for most of the analyzed
samples. To optimize the measuring time for the investigated I-V characteristics, a delay time of 3 s
(TiO2) and 10 s (SiO2, and Al2O3) was applied. The minimization of capacitance effects by adjusting the
delay time is already reported in literature [14].
11.5 Comments on Channel Closing during Synthesis and Ionic
Conductometry of Cylindrical Channels
The synthesis and characterization of ALD-coated single cylindrical nanochannels includes several steps.
At each of these steps, the channel can be deformed or even closed leading to measuring artifacts or
impracticability of the sample, respectively. Small channels of few tens of nm tend to be instable. For
unknown reasons many channels collapse after etching blocking ionic currents. Thus, the efficiency of
single nanochannel fabrication is low. Here, a rough estimation of the yield as well as the reproducibility
experienced during the performed measurement series is given.
After etching, the single channels were stored in deionised water before their diameter was determined
by I-V measurements directly afterwards. Etching single ion-tracks with diameters below 50 nm had an
output of ∼40 % open channels, whereas channels with diameters smaller than 30 nm tended to close
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even more often. For closed channels, no ionic current can be recorded. Some of the channels reopened
during the conductometric measurements when applying the voltage. For all open channels, the deduced
diameters were in agreement with the multichannel reference membranes.
Since ALD is operated in vacuum, the samples had to be dried before coating. As soon as the membranes
were dry, they were inserted into the respective ALD chamber. The subsequent I-V characterization re-
vealed the expected diameter reduction in ∼50 % of the cases. It is assumed that the shape of single
channels was affected during drying before ALD, e.g. by capillary forces, since the nanotubes released
from the multichannel membranes validated conformal ALD depositions. However, the deformation of
the channels was not observed for multichannel membranes.
In the case of SiO2, the deduced diameters at the IEP often deviated significantly from the value ex-
pected from the equally prepared multichannel reference membranes. The diameters estimated before
ALD were in agreement with the reference samples, the coating in the multichannel membrane coin-
cided with the nominal coating thickness, and this ALD process was highly reproducible in multichannel
membranes. Thus, it is rather unlikely, that the coating thickness was thicker in only single channels.
Furthermore, the rectification ratios after coating were ∼1 indicating a homogeneous deposition inside
the nanochannels. Thus, the channel size might be reduced already during transport of the uncoated
samples to the ALD facility at TU Darmstadt, although this was performed in deionised water to avoid
closing of the polymeric nanochannels. Etching at TU Darmstadt directly before ALD (as performed at
GSI) may solve this problem.
If a nanochannel was open after ALD-coating (in total ∼ 20 %), the obtained I-V curves could be re-
produced up to eight weeks after the first investigation of the channel, whereas for uncoated channels
closing occured after a few days. Performing ionic transport experiments at different pH values, required
the exchange of the electrolyte as well as rinsing of the channel in between two measurements. Each
exchange contains a risk to result in a closed channel, which is however much higher for uncoated chan-
nels. These observations demonstrate an increased stability of the nanochannels after oxide coating.
Due to the ionic currents being mostly below 1 nA, the measurements were extremely sensitive to vibra-
tions and external electric fields. According to equation 4.3, the current depends linearly on the specific
conductivity of the electrolyte. Decreasing the concentration of the KCl solution from 1 M to 0.1 M
reduces the specific conductivity and thus the current by almost a factor of 10 [180]. Since our measure-
ments were performed without vibration damping and a complete Faraday cage, the results obtained for
low electrolyte concentrations are not shown due to lack in reliability.
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12 Ionic Conductance and Geometry Analysis
on Same Single Conical Nanochannel
The challenge in existing works about transport measurements in single conical nanochannels integrated
in polymer membranes is the uncertainty of the dimensions of the individual channel. The base diam-
eter required for the calculation of the tip diameter is commonly determined at multichannel reference
membranes. Although the base etching rates of single and multichannel membranes are in agreement
as shown in Section 8.6, small deviations of the base diameter result in the calculation of significant
different tip diameters. Here, we have the unique chance to first analyze the I-V characteristics of a
single conical nanochannel and subsequently remove the polymer matrix releasing the tubular replica
consisting of the ALD-coating. Characterization of the free-standing single nanocone by SEM provided
the base diameter. This enables the accurate calculation of the tip diameter based on base diameter
analysis of the same single channel. We applied this approach to single conical nanochannels after ALD
coating with TiO2, Al2O3, and SiO2 and investigation of their I-V characteristics at various pH values
of the electrolyte (Section 12.1). Furthermore, small modifications of the I-V set-up allowed us to gate
single TiO2-coated conical nanochannels (Section 12.2). In Section 12.3, the reproducibility of synthesis
and ionic transport in single conical nanochannels is discussed.
12.1 I -V Curves of Single Conical Nanochannels Dependent on the pH
Value of the Electrolyte
Asymmetrically etched ion-tracks in ∼30-µm thick polycarbonate membranes were coated with TiO2,
Al2O3, and SiO2 by ALD. For each material, I-V curves were recorded at the IEP of the surface material to
characterize the deposition inside the single channels. The steps performed to determine the geometry
of the single channel are given in Section 6.5. Variations of the pH value of the electrolyte enabled the
study of the influence of the oxide layers on the ionic transport.
As for the single cylindrical channels, capacitance effects were avoided by applying delay times of 3 s,
10 s, and 10 s for coatings of TiO2, SiO2, and Al2O3, respectively.
12.1.1 Ionic Conductance in TiO2-Coated Channels
Figure 12.1.1a shows the I-V curves of a single conical nanochannel with a base diameter of ∼1.8 µm.
Since the single free-standing cone was not identified, the base diameter was determined from the refer-
ence nanocones released from the simultaneously coated multichannel membrane (Figure 12.1.1b). For
the uncoated channel (Figure 12.1.1a, orange), the calculation of the tip diameter according to equation
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4.6 (applied to the higher ionic currents at positive voltages) results in ∼55 nm. After deposition of
a nominal 10 nm thick TiO2-layer, the ionic conductance measured at the IEP of TiO2 (pH ∼5, Figure
12.1.1a, green) corresponds to a tip diameter of ∼33 nm in good agreement with the nominal coating
thickness and the wall thickness of the reference conical nanotubes. Before ALD, a rectification ratio
of ∼1.8 is observed that might be caused by dangling bonds in the polymer that change the size of the
nanochannel and form locally charged surface areas [17, 199]. After ALD, the I-V curve shows almost
ohmic behavior (rectification ratio ∼1.1) and thus indicates the absence of local variations of surface
charges. This demonstrates the possibility to stabilize the shape of a conical nanochannel in polymer by
conformal ALD coating.
Figure 12.1.1.: (a) I -V curves of a single conical nanochannel before and after ALD coating with ∼10
nm TiO2. (b) Representative nanocone section released from the multichannel reference
membrane and employed to determine the base diameter by SEM. All of the nanocones
of this sample were broken (during dissolution of the template).
Another example of a single conical nanochannel coated with TiO2 is shown in Figure 12.1.2. SEM-
analysis of the reference conical nanotubes revealed a base diameter of ∼2 µm. From the I-V character-
istic of the uncoated single channel (Figure 12.1.2a, orange) a tip diameter of ∼103 nm is deduced by
applying equation 4.6 to the higher currents at positive voltages. The deposition of nominal 5 nm TiO2
reduces the ionic current measured at the IEP of TiO2 (pH ∼5, Figure 12.1.2a, green). The correspond-
ing tip diameter is∼92 nm (calculated for the higher ionic currents at positive voltages), which coincides
well with the nominal coating thickness. As for the channel described above, rectification (r ≈ 3.5) is
observed for the uncoated channel. However, the rectification is not vanished after ALD-coating for the
channel presented in Figure 12.1.2 (r ≈ 4.2). This objection to EDL theory might be caused by a slightly
lower IEP of the deposited TiO2 layer. This was not observed for all TiO2 coated single channels e.g. the
one described above.
At pH ∼2 (Figure 12.1.2a, blue) and pH ∼9 (Figure 12.1.2a, red), the rectification ratios are ∼0.4 and
∼13.7, respectively. Thus, the surface charges induced by a pH value of the electrolyte beyond the IEP
lead to the formation of an EDL, which selectively decreases ionic transport through the nanochannel.
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Since TiO2 is zwitterionic in aqueous solution [193], its surface is positively charged for pH ∼2 and neg-
atively charged for pH ∼9 as schematically shown in Figure 12.1.2b. In agreement with EDL theory, the
ionic current is lower at negative voltages due to cation selectivity at pH ∼9, whereas anion selectivity
results in a lower current at positive voltages at pH ∼2. From the presented I-V curves the increase of
the Debye screening length (λtipD ) was estimated by applying:
λ
tip
D =
∅tippH=IEP − ∅tippH 6=IEP
2
(12.1)
A Debye screening length of ∼6 nm was obtained for changing the pH from ∼5 to ∼9. Varying the pH
from ∼5 to ∼2 induces an EDL with a thickness of ∼34 nm. The latter is two orders of magnitude higher
as described in literature for the applied 1 M KCl solution [146]. Furthermore, at pH values beyond
the IEP the TiO2-layer provides enough surface charges to control the flow of ions through a conical
nanochannel with ∼92 nm tip diameter, which is huge compared to channels described in literature
[33, 36, 162]. N. Sobel observed a strong reduction of the contact angle of water after deposition of ∼10
nm TiO2 onto a flat polycarbonate surface by ALD [182]. This showed the increase of hydroxyl groups at
the membrane surface, whereas our results indicate the increase of these groups inside the nanochannel.
Figure 12.1.2.: (a) I -V curves of a TiO2 coated nanochannel (∼5 nm) with tip diameter∼92 nm recorded
at pH 2, pH 5, and pH 9. (b) Schemes of the formed surface charges and the resulting EDL
for various pH.
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12.1.2 Ionic Conductance in Al2O3-Coated Channels
Figure 12.1.3a displays the I-V characteristics of a single conical nanochannel with a base diameter
of ∼2.8 µm as measured at the free-standing replica by SEM (Figure 12.1.3b). After etching (Figure
12.1.3a, orange), an initial tip diameter of ∼117 nm is deduced from the ionic conductance by applying
equation 4.6. After ALD-coating of nominal 15 nm Al2O3, the I-V curve was recorded at the IEP of Al2O3
(pH ∼9, Figure 12.1.3a, red). For negative voltages, a tip diameter of ∼103 nm is calculated, which
does not coincide with the nominal coating thickness and the wall thickness obtained for the reference
tubular nanocones. However, the analysis of cylindrical nanochannels by SAXS showed a variation of
the deposited thickness over a larger area of the multichannel membranes coated with Al2O3, although
STEM-in-SEM revealed uniform wall thicknesses (Section 7.2). This might occur for the conical channels,
too, although the analysis by STEM-in-SEM of conical nanotubes released from multichannel membranes
resulted in an alike morphology for all three materials (Section 8.1).
The ionic conductance of the untreated polymeric channel shows an almost ohmic behavior (r ≈ 1.1).
After ALD, the I-V curve recorded at the IEP of Al2O3 (pH ∼9) exhibits a rectification ratio of ∼0.62,
which indicates the presence of positive surface charges. These might be induced by a higher IEP of the
deposited Al2O3 layer.
Due to its amphoteric properties in aqueous solution, Al2O3 surfaces are positively charged for a pH
value of the electrolyte smaller then the IEP as schematically drawn in Figure 12.1.3c [194, 195]. The
formed EDL leads to an increase of the rectification ratio to ∼0.42 at pH ∼5 (Figure 12.1.3a, green).
The rectification is with r ≈ 0.15 even more pronounced at pH ∼2 (Figure 12.1.3a, blue) caused by less
screening of the surface charges and thus an increased electric potential inside the channel. Quantifica-
tion of the Debye length (equation 12.1) results in ∼12.5 nm for pH ∼5 and ∼22 nm for pH ∼2. These
values are a factor of ∼42 respective ∼73 larger as reported for 1 M KCl solution [146]. The fact that
increasing the acidity of the electrolyte induces enough surface charges at the Al2O3 layer to reduce the
anion flow from base to tip demonstrates the control of the ionic current despite the huge tip diameter
of the channel [33, 36, 162].
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Figure 12.1.3.: (a) I -V curves of a single conical nanochannel investigated by ionic conductance measure-
ments before and after ∼15 nm Al2O3 deposition at various pH values of the electrolyte.
(b) SEM image of the free-standing replica prepared after completing the I -V studies. (c)
Schemes of surface charges and formed EDLs for uncharged and positively charged Al2O3
surface.
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12.1.3 Ionic Conductance in SiO2-Coated Channels
Figure 12.1.4a depicts the I-V measurements of a single conical nanochannel that exhibits a base diam-
eter of ∼2.9 µm. This value was obtained by SEM-imaging of the free-standing reference nanocones.
For the etched nanochannel, a tip diameter of ∼158 nm is calculated by applying equation 4.6 to the
ionic currents recorded at positive voltages (Figure 12.1.4a, orange). Onto the sample, nominal 10 nm
SiO2 were deposited by ALD. Recording the I-V curve at the IEP of SiO2 (pH ∼2, Figure 12.1.4a, blue)
revealed a decreased ionic current. The corresponding tip diameter is ∼98 nm not in agreement with
the nominal coating thickness. However, a much too strong reduction of the diameter after SiO2 ALD
was already observed for the single cylindrical nanochannel presented in Figure 11.2.3a. The uncoated
channel leads to almost ohmic behavior (r ≈ 1.2), which is not affected significantly by the SiO2-coating
(r ≈ 0.9, pH ∼2). Both observations are in agreement with the absence of surface charges at the IEP
according to EDL theory. Thus, conformal surface modification inside the single conical nanochannel is
evidenced.
At pH values above the IEP, the zwitterionic properties of SiO2 cause negative charging of the oxide sur-
face in aqueous solution, which is shown schematically in Figure 12.1.4b [196, 197]. Thus, the formed
EDL results in a rectification of r ≈ 1.9 at pH ∼5. For measurements at pH ∼9, the rectification ratio
is increased to ∼2.3, which is caused by less screening of the surface charges and the resulting increase
of the electrical potential inside the channel. To compare the rectification ratios at pH ∼5 and pH ∼9,
they were obtained at ∼2.5 V, since the ionic current increases steeply for voltages above 2.5 V at pH ∼5.
However, this steep increase was not observed at other pHs measured subsequently indicating an unique
artifact. Due to channel closing the measurements at pH ∼5 could not be repeated.
In contrast to the single cylindrical nanochannel surface modified with a SiO2 layer deposited by ALD
(Section 11.3.3), the behavior of the conical channel described above is in agreement with EDL theory.
Quantitative analysis of the Debye length (equation 12.1) revealed ∼27 nm in the case of pH ∼5 and
∼33.5 nm in the case of pH ∼9. Thus, the thickness of the EDL is for both pH values two orders of mag-
nitude higher than usually observed for 1 M KCl solution [146]. The strong dependence of the cation
flow from base to tip through a nanochannel with such a huge tip diameter [33, 36, 162] shows the
presence of a high amount of surface charges compared to the untreated polymeric nanochannel. N.
Sobel measured the contact angle of water at the flat surfaces of pristine polycarbonate membranes and
∼10 nm thick SiO2-layers deposited onto these surfaces by ALD [99, 182]. From the strongly reduced
contact angle after the surface modification, an increase of hydroxyl groups was concluded. Our results
obtained from the dependency of the ionic current on the pH value of the electrolyte indicate the same
effect of the SiO2-coating on the inner walls of the conical nanochannel.
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Figure 12.1.4.: (a) I -V characteristics measured at various pH for a nanochannel with ∼158 nm initial tip
diameter, which is reduced to∼98 nm after SiO2 coating of nominal 10 nm. (b) Schematic
of surface charges induced by the pH of the electrolyte and the subsequently formed EDL.
Overall, the pH dependency of TiO2, Al2O3, and SiO2 coated single conical nanochannels in ∼30-µm
thick polycarbonate membranes are in good agreement with the EDL theory enabling the precise tailoring
of these nanochannels for further studies as well as applications.
12.2 Nanofluidic Transistor
To externally control the flow of ions through a nanoconfinement, i.e. without changing the electrolyte,
is of high interest for applications in sensing devices, chemical circuits, and ionic logic systems. Several
set-ups of these so-called nanosized transistors are described in literature [8, 44–46]. All of these ap-
proaches require several complex fabrication steps. We present a novel set-up, which is achieved by a
few, comparable simple steps due to the combination of ion-track technology and ALD.
In these first studies, the effect of an electrical field applied at the tip side of a conical nanochannel in-
tegrated in a polycarbonate membrane is discussed. We performed these experiments with TiO2-coated
nanochannels (Section 12.2.1) because of TiO2 being a non-insulating material and having displayed the
highest mechanical stability (see Section 8.4). Furthermore, the amphoteric properties of TiO2 and the
IEP value of pH ∼5 reward initially uncharged as well as oppositely charged surfaces (Section 12.2.2).
To demonstrate the need of the TiO2 layer for the observed effect, control experiments were performed
with uncoated channels of equivivalent dimensions (Section 12.2.3).
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12.2.1 TiO2-Coated Conical Nanochannels as Junction Field Effect Transistors
A single conical nanochannel exhibiting a length of ∼30 µm and a base diameter of ∼2 µm was coated
with ∼ 5 nm TiO2 by ALD resulting in a tip diameter of ∼23 nm. This membrane was mounted in
the electrochemical cell with a copper ring pressed onto the tip side of the TiO2-coated membrane (see
Section 6.6, Figure 6.6.1). Figure 12.2.1a displays the recorded I-V curves measured between the two
electrodes source (S) and drain (D) for various gate voltages VGS. Although they were measured at the
IEP of TiO2 (pH 5), a rectification of ∼4.5 occurs for VGS = 0 V, which might be caused by a slightly
too high pH of the applied electrolyte as observed for some other TiO2 coated channels, too (Section
12.1.1, Figure 12.1.2). Increasing the gate voltage results in a more pronounced rectification and thus in
a reduced negative current until it vanishes at the so-called pinch-off voltage Vp ≈ 21.5 V. Qualitatively,
a negative potential applied to the gate at the tip side of the conical nanochannel leads to an increase of
negative surface charges (Figure 12.2.1b) and thus a negative potential inside the channel. Shape as well
as value of this potential need to be simulated. Due to the observed rectification behavior it is assumed to
be similar to the sawtooth-shaped potential reported by Siwy et al. for conical nanochannels exhibiting
surface charges [39]. A higher applied negative gate voltage leads to a more negatively charged surface
and thus an increased potential inside the channel, which is at the pinch-off voltage deep enough to
trap all cations. Since the described gated nanochannel is conductive without applying a gate voltage,
it is comparable to a JFET. Furthermore, an applied gate voltage leads to an electric potential inside
the nanochannel, which results in counterion selectivity according to the EDL theory and thus majority
carriers, which is one of the characteristics of a JFET. The discussed channel can be blocked by applying a
negative potential to the tip side of the channel leading to the circuit diagram of a n-type JFET. However,
applying a positive potential up to 30 V at the same position resulted in no reproducible ionic currents.
For an applied negative potential being higher than the pinch-off voltage, the recorded ionic current is
positive possibly caused by anions, the minority carriers, passing the channel from tip to base.
The error of the measured ID is ∼2 % for 4 repetitions of the VDS period. This reproducibility is high
compared to the ∼10 % given by Schiedt et al. for conical channels in PET [17]. The obtained I-V curves
were not influenced by applying the gate voltages with different step sizes, in various orders, and repeat-
ing the measurements days later evidencing the robustness and stability of this gated nanochannel.
To deduce the control curves presented in Figure 12.2.1c and make the gated ionic current visible at a
first glance, the I-V curves of the rectified branch were drawn according to the conventions commonly
applied for n-type JFETs. Thus, the negative measured VDS and ID are shown with positive signs for
various gate voltages in Figure 12.2.1d. The control curves of the specific VDS = 1, 1.5, 2, 2.5, and 3 V
are shown with negative gate voltages on the x-axis, since the negative pole of the gate was contacted
to the nanochannel. For all control curves, ID stays constant until it decreases steeply at Vp ≈ 21.5 V
demonstrating the behavior of a lossless switch. The pinch-off voltage Vp needed to block the ionic cur-
rent is very high compared to earlier studies [46]. However, in the present set-up, the gate voltage is
not applied directly to the tip of the nanochannel but via the copper ring with a diameter of ∼16 mm.
Due to the poor conductive properties of TiO2, there is a potential drop between the copper ring and
the nanochannel in the ∼5 nm thick TiO2 layer on the surface of the membrane. As consequence, Vp
increased to ∼21.8 V by applying a copper ring with a diameter of ∼19 mm for the same membrane.
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The same experiment performed for an alike single conical nanochannel coated with ∼5 nm TiO2 ex-
hibiting a tip diameter of ∼27 nm yielded the behavior of a lossless switch, too. The obtained Vp of
∼21.7 V is slightly higher showing the tendency that for a larger tip diameter an increased electrical
potential is needed to block the channel.
Figure 12.2.1.: (a) I -V curves of a single conical nanochannel with a tip diameter of ∼23 nm after ∼5
nm TiO2 ALD-coating for various gate voltages VGS measured by using 1 M KCl as elec-
trolyte at pH ∼5 (IEP of TiO2). (b) Schemes explaining the effect of the gate voltage in a
qualitative way. (c) Control curves for various drain-source voltages VDS deduced from the
corresponding ionic currents of the rectified branch shown in (d). The uncertainty of ID is∼2 %.
In contrast to the usual behavior of a FET, the studied TiO2-coated nanochannels show no slow decrease
in the control curves of the current until the pinch-off is reached. Thus, the energy loss for switching the
channel from being open to being blocked is low and the ionic current adjusts rapidly to the status of
the switch induced by the gate voltage. This is interesting for the application of gated TiO2-coated con-
ical nanochannels in high frequency switching operations. The observed independence of the pinch-off
voltage on the drain-source voltage indicates a well-defined working point proving the suitability of the
presented nanochannel for switching applications. However, a fine regulation of the transported ionic
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current is not possible with this set-up and the above mentioned simulations of the electric potential
inside the gated nanochannel that is induced by the gate voltage may help to understand this behavior.
12.2.2 Blocking of Gated TiO2-Coated Conical Nanochannels Dependent on the pH
Value of the Electrolyte
To study the influence of surface charges on the gating of a TiO2-coated conical nanochannel in polycar-
bonate, the pH value of the 1 M KCl solution was varied. For no applied gate voltage (VGS = 0 V), Figure
12.2.2a displays the I-V curves recorded after deposition of ∼5 nm TiO2 at pH ∼2, pH ∼5, and pH ∼9.
At the IEP of TiO2 (pH ∼5, blue), the calculation of the tip diameter by applying the higher ionic cur-
rents at positive voltages results in∼47 nm. Additionally, a rectification ratio of∼13.3 is observed maybe
caused by a lower IEP of the coating, although this was not observed for all TiO2-coated nanochannels
(see Section 12.1.1, Figure 12.1.1).
Due to its amphoteric properties in aqueous solution [193], TiO2 is negatively charged at pH ∼9 (Figure
12.2.2b). Thus, the I-V curve recorded at this pH value without applying a gate voltage exhibits a recti-
fication ratio of ∼16.5 as shown in Figure 12.2.2a (red).
At pH ∼2 of the aqueous 1 M KCl solution, the TiO2 layer inside the channel is positively charged [193]
(Figure 12.2.2b). Figure 12.2.2a (blue) displays the I-V characteristics measured at this pH value. How-
ever, the recorded current is lower at negative voltages leading to a slight rectification of r ≈ 1.35, which
is not in agreement with the expected positive surface charges and the results of other TiO2-coated chan-
nels investigated at pH ∼2 (Section 12.1.1, Figure 12.1.2).
The following paragraphs discuss the behavior of the ionic current at these three pH values for various
applied gate voltages.
Figure 12.2.3a shows the I-V characteristics of the TiO2-coated conical nanochannel introduced in Figure
12.2.2 at pH ∼5 for different gate voltages. As for the gated ALD-coated channel presented above, the
increase of the gate voltage enhances the rectification until the negative current is blocked completely
at V pH5p ≈ 22.7 V. Assuming the sawtooth-shaped potential calculated by Siwy et al. for conical channels
with surface charges [39], the gate voltage is at the pinch-off voltage high enough to form a suitable
amount of negative surface charges to enhance the electrical potential inside the channel enough for
trapping all cations (Figure 12.2.3b). At VGS > Vp, anions moving from tip to base may cause the
recorded positive current.
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Figure 12.2.2.: (a) For various pH values of the 1 M KCl solution, the I -V curves of a single conical
nanochannel exhibiting a tip diameter of ∼47 nm after ALD of nominal 5 nm TiO2 are
displayed for VGS = 0 V. (b) Schematics show the surfaces charges expected from EDL
theory.
Figure 12.2.3.: (a) I -V curves of the single conical nanochannel coated with∼5 nm TiO2 and a tip diame-
ter of ∼47 nm that was introduced in Figure 12.2.2 for various gate voltages VGS recorded
at pH ∼5 of the electrolyte. (b) Schematics explaining the blocking of the ionic current
qualitatively.
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For different gate voltages, the I-V curves of the channel presented in Figure 12.2.2 were recorded at pH
∼9 and are depicted in Figure 12.2.4a. By applying a gate voltage, the rectification ratio is increased
until the negative ionic current vanishes at a pinch-off voltage of V pH9p ≈ 22.6 V. Thus, the pinch-off volt-
age of an initially negatively charged surface is slightly lower compared to the one for an approximately
uncharged surface at the IEP (Figure 12.2.3a). This indicates a tendency, which is in agreement with the
sawtooth-shaped potential, since an already negatively charged surface results in an intrinsic potential
inside the channel, which already traps some cations. Thus, a lower gate voltage provides enough addi-
tional negative charges to enhance the potential for trapping all cations.
Figure 12.2.4.: (a) I -V measurements at pH ∼9 of the 1 M KCl solution of the gated and TiO2-coated
single conical nanochannel studied in Figure 12.2.2 for various gate voltages VGS. (b) For
an initially negatively charged surface the scheme shows the effect of the gate voltage in
a qualitative way.
Figure 12.2.5a displays the I-V characteristics of the gated channel introduced in Figure 12.2.2 measured
at pH ∼2 for different gate voltages. At pH ∼2 of the aqueous 1 M KCl solution, the TiO2 layer inside the
channel is positively charged [193] (Figure 12.2.5b). As discussed above, the current at negative voltages
is slightly lower without gate voltage, (r ≈ 1.35), which is not in agreement with the expected positive
surface charges. However, the rectification ratio obtained at VGS = 10V is ∼0.56 and coincides with the
initially positively charged surface and the resulting anion selectivity. The I-V curves of this sample were
reproducible, although the cation selectivity at VGS = 0V is not understood so far, since it disagrees with
the results of other TiO2-coated channels investigated at pH 2 (Section 12.1.1) and EDL theory. A gate
voltage of ∼15 V results in a rectification ratio of ∼1.1 and thus changes the direction of rectification
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again demonstrating the switch of an ALD-coated conical nanochannel from anion- to cation selectivity
by gating (Figure 12.2.5b). For all VGS ≥ 15 V, the surface of the nanochannel is negatively charged
and the rectification ratio is increased by applying a higher gate voltage. The ionic current vanishes at
V pH2p ≈ 22.9 V, which is slightly higher compared to the one for an approximately uncharged channel
surface at pH ∼5 (Figure 12.2.3a). Therefore, an initially positively charged surface requires by trend a
higher gate voltage in the presented set-up to block the negative current completely. Taking the sawtooth-
shaped potential into account, the negative charges provided by the gate voltage first have to neutralize
the initially positive surface charges (due to the pH value of the electrolyte) before the surface starts to
be negatively charged forming a potential inside the channel that traps all cations at the pinch-off voltage.
Figure 12.2.5.: (a) Ionic conductance of the TiO2-coated single conical nanochannel studied in Figure
12.2.2 for various gate voltages VGS recorded at pH ∼2. (b) Schemes showing the effect
of the gate voltage for an initially positively charged surface.
The experiments presented in this section demonstrate the gating of single conical nanochannels embed-
ded in a polycarbonate template after ALD coating of TiO2. Furthermore, the sign of the initial surface
charges adjusted by variation of the pH value of the electrolyte caused a slight change of the pinch-off
voltage, which opens up the application of such channels as pH sensors.
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12.2.3 Control Experiment with Uncoated Conical Nanochannel
To prove the contribution of the ALD coating for the blocking of a conical nanochannel, control ex-
periments were performed on uncoated channels at the IEP of polycarbonate (pH ∼5). Figure 12.2.6a
displays the representative I-V curves of an uncoated nanochannel with tip diameter ∼17 nm for various
gate voltages. In the detailed view of the branch to be rectified, no blocking is observed for gate voltages
up to 30 V (Figure 12.2.6c). There is a slight decrease of the ionic current at VGS = 10 and 15 V but
ID increases for higher VGS in contrast to the TiO2-coated channels. The deduced control curves, which
are shown in Figure 12.2.6b, confirm the absence of a pinch-off voltage for the uncoated nanochannel,
although it exhibits a smaller tip. The increase of ID for gate voltages above 15 V may be caused by
polarization of the polymer. From the performed control experiment, it is concluded that the surface
modification by ALD enables the gating of the polymeric conical nanochannel due to the achieved semi-
conducting layer inside the channel and on the membrane surface.
Figure 12.2.6.: (a) Representative I -V curves of an uncoated single conical nanochannel with a tip di-
ameter of ∼17 nm recorded at pH ∼5 (IEP of polycarbonate) for various gate voltages
VGS. (b) For various drain-source voltages VDS, the control curves were deduced from the
corresponding ionic currents of the rectified branch shown in (c).
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12.3 Comments on Channel Closing during Synthesis and Ionic
Conductometry in Conical Channels
Many steps are required for the synthesis and characterization of ALD-modified single conical nanochan-
nels. Each treatment can cause deformation or closing of the channel, which results in measuring ar-
tifacts or uselessness of the channel, respectively. During the test series presented in this work, rough
estimations of the yield as well as the reproducibility were obtained.
Directly after asymmetric etching the single channels were stored in deionised water. The I-V curves
applied for the determination of the base diameter were measured within a few hours. For ∼70 % of
the analyzed single channels, a current was recorded. However, the tip diameters varied strongly due
to the variation of the breakthrough time up to 30 s. The latter is also reported by L. Burr [122] and
was probably caused by one side of the polycarbonate membranes being rough in the µm range, which
resulted in different lengths of the ion-tracks depending on their position. During etching the moment
of breakthrough was difficult to identify in the current-time curves, and thus only ∼10 % of the open
conical channels exhibited the desired tip diameter. This low yield is in agreement with the observations
of L. Burr [122].
The samples were dried shortly before they were inserted into the ALD chamber. The coating was fol-
lowed by I-V measurements to deduce the reduction of the tip diameter. In ∼70 % of the cases, the
change of the tip diameter coincided with the nominal coating thickness. Thus, in total ∼50 % of the
channels can be coated successfully, whereas tailored initial and inner tip diameter were obtained for
only∼7 % of the samples. As for single cylindrical channels, the deformation or closing of the channels is
ascribed to effects during drying, e.g. capillary forces because of the reference nanotubes demonstrating
conformal ALD coatings.
However, the SiO2-coated single channels often exhibited too small tip diameters, which might be
avoided by etching directly before ALD as performed for TiO2 and Al2O3 depositions and suggested
for the symmetric channels.
ALD-coated nanochannels that were open remained stable for three months compared to several days
for uncoated channels. Furthermore, the risk of channel closing during exchanging the KCl solution and
the required rinsing in between was reduced for coated channels. In comparison to cylindrical channels,
the asymmetric channels were more robust in terms of staying open. Thus, the observations demonstrate
the advantage of ALD-coating and conical shape.
In addition, the recorded ionic currents were in the range of several tens or a few hundred nA leading to
a slightly lower sensitivity to vibrations and external fields (compared to cylindrical channels). However,
this increase in stability of the measurements was not endangered by the reduction of the concentration
of the electrolyte from 1 M to 0.1 M, which would have reduced the current by almost a factor of 10
(equation 4.5) [180].
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13 Conclusions of Ionic Transport
Measurements
ALD is suitable to reduce the diameter of cylindrical and conical single nanochannels in a controllable
manner, since the surface modification is alike in single- and multichannel membranes. The tailoring
provided by TiO2, SiO2, and Al2O3 coating allows to investigate the influence of the surface material on
the ionic conductance.
All cylindrical ALD-coated channels showed an ohmic behavior in the I-V curves independent on the pH
value of the electrolyte evidencing cylindrically shaped channels as well as symmetric surface charge
distributions inside the channels. For TiO2- and Al2O3-coated nanochannels, the ionic conductance was
decreased for electrolytes beyond the ioselectric point (IEP). In agreement with nanofluidics theory, the
amphoteric properties of the oxides caused surface charges in these cases, which led to the formation
of an electrical double layer (EDL) and thus reduced ionic transport due to counterion selectivity. In
contrast to EDL theory, many SiO2-coated nanochannels showed the lowest ionic conductance at the
IEP maybe due to an inhomogeneous and position-dependent surface charge density as calculated for
cylindrical silica nanopores [200].
In contrast to the results obtained for cylindrical single channels, the conical ones showed ohmic behav-
ior at the IEP only in the case of SiO2-coated and some TiO2-coated channels, for which the absence of
surface charges was concluded. For the other nanochannels, the rectification might be caused by slightly
different IEPs of the surface material inducing surface charges and thus an asymmetric electrical poten-
tial inside the nanochannels. A series of I-V curves recorded at pH values from 1 to 12 in steps of 1 could
clarify this in the future. In agreement with nanofluidics theory, the rectification ratio, i.e. the counterion
selectivity and thus the direction of selective transport, depended on the sign of the surface charges. In
addition, the rectification was more pronounced at pH values further apart from the IEP coinciding with
less screening of the surface charges and thus an increased electric potential inside the channel.
For both geometries, quantification of the Debye screening lengths led to values that are up to two orders
of magnitude larger than reported in literature for the applied 1 M KCl solution [146]. A strong increase
of hydroxyl groups at the flat surface of polycarbonate membranes after ALD coating of ∼10 nm TiO2
and SiO2 was observed in contact angle measurements performed by N. Sobel [99, 182]. The results
of the presented ionic transport investigations indicate the increase of these groups inside cylindrical
and conical nanochannels. This is validated by preliminary studies of SiO2-coated network templates
with dynamic-nuclear-polarization nuclear-magnetic-resonance spectroscopy (DNP-NMR) performed by
T. Gutmann (Prof. Dr. G. Buntkowsky, Chemie, TU Darmstadt).
During the I-V measurements of ALD-coated single nanochannels, hysteresis was observed dependent
on the deposited oxide, its layer thickness, and the delay time between the voltage steps. Systematic
studies including membranes without channel and ALD coating could attribute the hysteresis to capaci-
tance, which was probably mainly caused by the oxide layer deposited on the surfaces of the membrane.
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Removing these ALD layers by e.g., reactive-ion etching may clarify, to which degree the coating inside
the nanochannel contributes to the hysteresis. As reported in literature [14], hysteresis was avoided by
increasing the delay time. For the nanostructures analyzed here, delay times of 3 s (TiO2) and 10 s (SiO2
and Al2O3) were suitable.
The yield of the synthesis of ALD-coated single cylindrical nanochannels was ∼20 % with a reproducibil-
ity of the dimensions for almost all channels. The surface modification increased the robustness of
the open channels from several days up to eight weeks. Almost half of the synthesized single conical
nanochannels could be used for I-V measurements. Due to the strong variations of the breakthrough
time, the yield was only ∼7 % if a specific tip diameter was required. Compared to cylindrical channels,
the conical ones gained more stability from the ALD coating resulting in nanochannels beeing open for
three months. For both geometries, the risk of closing during exchange of the electrolyte and rinsing
the channel in between is significantly lower for coated channels. In the case of asymmetric channels, a
larger volume is confined making a conical channel more robust against blocking by contaminations.
The surface charges of the single cylindrical and conical nanochannels depended on the surface material
deposited by ALD due to the various IEPs of the utilized oxides. Therefore, ALD provides the adapta-
tion of polymeric nanochannels to a broad range of acidic and basic environments without introducing
surface charges and affecting the geometry of the channel. On the other hand, the oxide layers can
be utilized to sense changes of the pH value of the electrolyte inside the channel for various initial pH
values. Due to the observed stabilization of the nanochannels, the ALD coating increases their suitability
for applications.
As first test of an application, the combination of ion-track technology and ALD in single conical
nanochannels was used to realize a nanofluidic transistor. The fabrication steps as well as the set-up
are simple compared to the approaches reported in literature [8, 44–46]. A copper ring pressed onto
the tip-side of the membranes that were coated with a ∼5 nm thick TiO2 layer acted as gate electrode
by applying a negative potential to it. Increasing the gate voltage led to rectification of the ionic current
through the nanochannel, i.e. reduced the negative current, until it vanished at the pinch-off voltage.
Qualitatively, the gate potential led to negative surface charges and thus a negative potential at the tip
and inside the conical nanochannel. Simulations of this potential are required to define shape and value
of the induced potential. However, the observed rectification indicated a sawtooth-shaped potential as
reported by Siwy et al. for conical nanochannels with surface charges [39]. At the pinch-off voltage,
the gate voltage was suitable high to increase the potential inside the channel deep enough to trap all
cations. The conductance without applying a gate voltage as well as the presence of majority charge car-
riers due to the counterion selectivity of the channel are characteristics of a junction field effect transistor
(JFET). The blocking of the channel was induced by a negative gate voltage and thus the circuit diagram
of a n-type JFET was set up. Compared to studies reported in literature, the pinch-off voltage was high
[46]. However, the copper ring exhibiting a diameter of ∼16 mm did not apply the gate voltage directly
to the tip of the nanochannel resulting in a potential drop between the copper ring and the nanochannel
due to the semiconducting TiO2-layer. Deposition of a metallic layer around the tip and contacting the
gate electrode to this metallic film is planned for further experiments in order to decrease the pinch-off
voltage. However, the presented gated nanochannels prohibited the fine regulation of the ionic current,
which might be explained by simulations of the electrical potential inside the channel induced by the
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gate voltage.
The control experiment performed at uncoated nanochannels showed that the TiO2-layers deposited by
ALD inside the channel and on the template surfaces are essential for blocking the ionic current. The
pinch-off voltage seemed to be adjustable by adaptation of the tip diameter as well as the usage of a
copper ring with larger diameter. Variation of the pH value of the electrolyte, slightly changed the pinch-
off voltage without modifying the set-up including the studied nanochannel. The gating of TiO2-coated
single conical nanochannels embedded in polycarbonate membranes resulted in set-ups comparable to
n-type JFETs showing lossless switch behavior with a well-defined working point as well as an influence
of the pH value of the electrolyte on the pinch-off voltage. Besides investigations regarding the appli-
cation in high frequency operation, the latter provides the application as pH sensors. The suitability
for applications is confirmed by the high reproducibility of the ionic currents (uncertainties of the ionic
current through the channel were ∼2 %) as well as the independence of the measurements on the step
size of the gate voltages, their order, and the time in between (up to days).
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14 Conclusions and Outlook
ALD is suitable for tailored coating of high aspect ratio nanostructures exhibiting various geometries
and complex porosity. The parameters of the TiO2, SiO2, and Al2O3 deposition processes needed to be
adjusted to temperatures below 140 °C as well as to the high aspect ratio of the nanochannels. Investi-
gations of the morphology demonstrated shape-conform and homogeneous depositions along the entire
nanochannel lengths in cylindrical, conical, and network nanochannels for all three oxides. Indepen-
dent from the channel geometry, pure composition as well as layer-by-layer growth were evidenced with
complementary characterization methods. The precisely controllable coating process opens up novel
tailoring of porous polymer membranes. For instance, the commercially available polymeric etched
ion-track membranes used as specific filters can be adjusted to smaller channel sizes and environments
exhibiting different pH values.
For all studied nanostructures, dissolution of the polymer template released self-supporting nanotubes.
Their mechanical stability enabled the investigation of individual nanostructures. Cylindrical nanotubes
were fabricated with inner diameters below 10 nm corresponding to aspect ratios of more than 3000
demonstrating the conformal coating of parallel aligned nanochannels with aspect ratios being higher
than described in literature [21, 92, 95–99]. Small angle X-ray scattering (SAXS) analysis applying syn-
chrotron radiation revealed that the surface modification of equivalent channels with inner diameters
below 5 nm is still a challenge probably due to diffusion limits. Further extension of exposure and purge
times, smaller precursor molecules, e.g. TiCl4 in the case of TiO2, or the repetition of each half-cycle
directly after each self as performed by N. Sobel [182] might overcome this limit.
Free-standing conical nanotubes with a height of ∼30 µm were synthesized in uniform arrays of few cm2
size. The transfer of the preparation method to single nanocones allowed the comparison of the etching
processes in multi- and single-channel membranes showing a faster etching of the tips in membranes
irradiated with one single ion (factor ∼2). The agreement of the base etching rates in the case of mul-
tichannel membranes etched under identical conditions validates in general the estimation of the base
diameter at a multichannel reference membrane [14, 16, 80, 116, 171, 172]. Furthermore, ALD coating
is an interesting alternative to produce replica for geometry analysis. Compared to the usually applied
electrodeposited nanowires [107, 172–174], ALD is a simpler synthesis technique. For applications re-
quiring free-standing nanostructures such as drug delivery directly into cells [21], conical nanotubes are
advantageous due to their high mechanical stability. In addition, single free-standing tubular nanocones
provide the investigation of controlled drug delivery into one specific component of the cell.
The networks of oxide nanotubes were free-standing over several hundred of µm2. Embedded in the
template or released, the networks are promising for systematic investigations of processes like filtration
or catalysis. Compared to nanowire arrays and networks as well as nanotube arrays, the nanotube net-
works provide an increased surface area and the combination of ion-track technology with ALD allows
the tailoring of all properties of a well-defined porous structure: thickness of the sample, amount and
material of tubes, angle of crossings, as well as outer and inner tube diameter.
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The conformal ALD coating preserves the smooth surface of the polycarbonate nanochannels reflected by
smooth inner tube walls. These channels provide well-defined walls compared to Al2O3 depositions in
polyethylene terephthalate (PET) [43] as well as channels modified by chemical [16, 80] or electroless
techniques [65, 66]. First ionic transport studies of single cylindrical and conical channels evidenced
that the deposition of TiO2, SiO2, and Al2O3 by ALD is equal for multi- and single-channel polycarbon-
ate membranes. Furthermore, the surface modification stabilized the polymeric nanochannels and thus
improved their suitability for applications.
For single cylindrical channels, ohmic behavior at various pH values of the electrolyte revealed symmetric
channel geometry and surface charge distributions. In the case of conical geometry, a linear dependence
of the ionic current on the voltage was obtained for SiO2- and some TiO2-coatings at the isoelectric point
(IEP) showing the absence of surface charges, whereas for the other samples rectification was observed.
The latter might be caused by slightly different IEPs, which could be validated by varying the pH value
of the electrolyte from 1 to 12 in steps of 1 in the future.
Overall, the pH dependence of the presented single nanochannels was in agreement with nanofluidics
theory. The calculations of the Debye screening length resulted in values that are up to two orders of
magnitude larger than reported in literature for 1 M KCl solution [146]. Although the amount of an-
alyzed nanochannels was not sufficient for statistical significance, this indicates an increase in surface
charges compared to uncoated channels. Contact angle studies by N. Sobel revealed a strong increase of
hydroxyl groups at the flat surface of polycarbonate membranes after ∼10 nm TiO2- and SiO2-coating by
ALD [99, 182], whereas the results presented in this work indicate the increase of hydroxyl groups inside
cylindrical and conical nanochannels. First dynamic-nuclear-polarization nuclear-magnetic-resonance
spectroscopy (DNP-NMR) analyses performed by T. Gutmann (Prof. Dr. G. Buntkowsky, Chemie, TU
Darmstadt) confirmed the functionalization of the inner channel walls by SiO2 ALD. Due to the large
Debye length, the surface modification with oxides provided a good tool to control the flow of ions
through channels with diameters up to 100 nm, which are huge compared to commonly applied channel
dimensions [17, 33, 36, 162]. The estimation of the Debye length from I-V measurements with statistical
significance requires the analyses of many more samples and is integrated in the second period of the
DFG project. The present results are very promising in terms of designing single channels with respect
of their chemical and physical nature and thus providing novel options for functionalizing polymeric
channels. For instance, SiO2 coatings allow to utilize silanization. Additionally, the ALD-coated channels
can be applied to sense changes of the pH value of a given analyte inside the channel for different initial
pH values. Furthermore, ALD can be utilized to adapt polymeric nanochannels to a broad range of acidic
and basic environments without inducing surface charges and affecting the channel shape.
Nanofluidic transistors were realized by integrating a gate electrode in a straight-forward set-up utiliz-
ing an electrochemical cell, which is a simple approach compared to the ones discussed in literature
[8, 44–46]. The resulting circuit diagram as well as the behavior of the conical nanochannels make
our approach comparable to a n-type JFET. The channels behave like lossless switches and exhibit a
well-defined working point providing all properties required for high-frequency switching operations.
However, the described gated channels prohibit fine tuning of the ionic current. To understand these
features, simulations of shape and value of the electrical potential induced by the gate voltage are re-
quired. Control experiments performed with uncoated channels of similar dimensions evidence that the
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oxide layer is essential for the blocking of the ionic current. The pinch-off voltage was influenced by the
tip diameter of the TiO2-coated conical nanochannel and the distance of the tip to the gate electrode.
The blocking of the ionic current also seems to depend on the surface charges induced by the pH value
of the electrolyte in agreement with nanofluidics theory. The robustness of these nanofluidic transistors
is promising for applications as pH sensor. To improve the statistics and verify the dependence of the
pinch-off voltage on the pH value of the solution, the nanofluidic transistors need to be investigated in
more detail.
This thesis presented the highly conformal coating of etched ion-track polycarbonate membranes. Due
to the high flexibility of the template and the properties of the oxides deposited by ALD, diversified
applications in the fields of nanofluidics, filtration, catalysis, sensorics as well as biomedicine are obvious.
First tests of coated single channels including the set-up of a nanofluidic transistor emphasized the
suitability for this kind of applications.
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ALD Atomic Layer Deposition
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Di Inner Diameter (after ALD)
Do Initial Diameter (after Etching)
EDL Electrical Double Layer
EDX Energy Dispersive X-ray Spectroscopy
FET Field Effect Transistor
ID Source-Drain Current
I − V Current-Voltage
IEP Isoelectric Point
JFET Junction Field Effect Transistor
KCl Potassium Chloride
NaOH Sodium Hydroxide
PC Polycarbonate
PET Polyethylene Terephthalate
PZC Point of Zero Charge
r Rectification Ratio
SAXS Small Angle X-ray Scattering
SEM Scanning Electron Microscopy
SiO2 Silicon dioxide
TiO2 Titania
T Layer Thickness (Deposited by ALD)
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vB Bulk Etching Velocity
VDS Source-Drain Voltage
VGS Gate Voltage
Vp Pinch-Off Voltage
vT Track Etching Velocity
XPS X-ray Photoelectron Spectroscopy
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